-  »  mV  i'.\ii/iiU  "w-k^le  .  u  T.a 


i>-wbmcm>sm> 


Copy  Nal33 


RESEARCH  OF  MICROSTRUCTURALLY  DEVELOPED 
TOUGHENING  MECHANISMS  IN  CERAMICS 


TECHNICAL  REPORTS  NO.  13, 14.  15, 16 
FOR  PERIOD  JUNE  1, 1962  THROUGH  MAY  31, 1982 


CONTRACT  NO.  N00014-77-C-0441 
PROJECT  NO.  032-574(471) 


PART  1 :  DETERMINATION  OF  RESIDUAL  SURFACE  STRESSES  DUE  TO 
GRINDING  IN  POLYCRYSTALLINE  AI2O3  (SC5117.13TR) 

PART  2:  FACTORS  INFLUENCING  THE  RESIDUAL  SURFACE  STRESSES 
DUE  TO  A  STRESS-INDUCED  PHASE  TRANSFORMATION 
(SC5117.14TR) 

PART  3:  COMPRESSIVE  SURFACE  STRENGTHENING  OF  BRITTLE 
MATERIALS  (SC5117.16TR) 

PART  4:  TRANSFORMATION  TOUGHENING:  THERMODYNAMIC 
APPROACH  TO  PHASE  RETENTION  AND  TOUGHENING 
(SC6117.16TR) 


Prepared  for: 
Office  of  Naval  Research 
Arlington,  VA  22217 


F.  F.  Lange 


Rockwell  International 

Science  Center 


^  Affcf 


UNCLASSIFIED _ 

IQCUAITV  CLAOMflCATION  Q>  TRIO  M«l  |OMa  till  IM— < 

I  REPORT  DOCUMENTATION  PAGE 


I*.  TITLI  (amt  hMUH) 


RESEARCH  OF  HICROSTRUCTURALLY  DEVELOPED 
TOUGHENING  MECHANISMS  IN  CERAMICS 


MlTMOMfc; 


F.F.  Lange 


.mwo  romt 

00  WWIH 


i.  tw  of  rorort  •  ocnoo  covkrco 

Technical  Report  #13  for  the 
period  6/1/81  thru  5/31/82 

*.  RORfORWNO  or*.  rorort  rumEFr 

SC5117.13TR 


N00014-77-C-0441 


0.  RCRfOMMINO  OMAMIXATIOM  NAMC  AN0  tOOWH 

Rockwell  International  Science  Center 
1049  Camlno  Dos  Rios 
Thousand  Oaks,  CA  91360 

II.  CONTROL.UNO  Off  ICS  NAME  AMD  AOORCM 

Office  of  Naval  Research 
Department  of  the  Navy 
Arlington,  VA  22217  _ 


to.  RROORAM  EL  CMC  Ml 
ARC*  *  WW  UNIT 

032-574-(471) 


.  RROJtl 
NUN OOf 


IS.  RCRORT  OATS 

October,  1982 

Tl  NUMOCR  Of  1*0(1 


'  nam a  *'  SRiiS^SSSS  55  SSS&o  oJ5r*J  is.  sccuritv  class.  <•>  tu»  „ JSSS 

Unclassified 

Ilk  j^d^^SyflCATION/OONNORAP 


Approved  for  public  release;  distribution  unlimited. 


I  IT.  OUTIMOUTION  STATINKNT  (ml  m»  aiammal  wmN  In  RMc*  R.  II  AHmM  Na  RaMrt; 


II*.  OURRLOMONTARV  NOTt 


lTKIYwSBir?oB5»yi»»l»H  UR  II WWINO  «U  MWIIf1  O  MnI  wNt) 

Residual  surface  stress,  x-ray  diffraction,  surface  grinding,  ceramics, 
stress- Induced  phase  transformation,  AloOj/Zri^  composites,  strengthening, 
transformation  toughening,  fracture  mechanics,  crack  closure. 


1X0.  ABSTRACT  ( 
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;An  x-ray  diffraction  technique  has  been  used  to  measure  the  residual 
surface  stresses  Induced  by  surface  grinding  In  A1$0§  and  In  transformation- 
toughened  ATJOf/ZrO?  composites.  For  the  AlJOj,  compressive  stresses  In 
the  range  13s  to  17o  MPa  were  measured  and  were  found  to  extend  to  a 
depth  4  15^um.  It  Is  believed  that  the  compressive  layer  Is  produced  by 
the  elastic/ pi as tic  Interaction  of  the  abrasive  grains  with  the  ceramics. 

In  thfe/Al$Oj/ZrO£  composites,  compressive  surface  stresses  are  a  result  of  - 


<0L  « 

UWCIASSIFIED _  rr  ^ 


0>the  ZrQp  phase  transformation,  which  Is  Induced  by  the  stresses  diming 
grinding.  Residual  compressive  surfaces  stresses  up  to  &  1  GPa  were 
measured,  the  role  of  the  volume  fraction  of  ZrOf,  grain  size  and 
stabilizer  oxide  content  in  controlling  the  phase  transformation  are 
discussed,  and  their  Influence  on  the  residual  surface  stress  were 
measured.  It  was  found  tint  the  volume  fraction  of  Zr02  primarily  con¬ 
trolled  the  magnitude  of  the  compressive  surface  stress,  but  that  other 
factors  such  as  grain  size  Influenced  the  depth  of  the  compressive  zone. 

Finally,  a  fracture  mechanics  model  Is  presented  that  allows  the 
strengthening  due  to  these  residual  stresses  to  be  predicted.  The  model 
which  allows  for  crack  closure  effects,  showed  that  the  strengthening 
depends  on  the  ratio  of  the  compressive  zone  depth  to  surface  crack 
length,  and  on  lie  strength  of  the  material  In  the  absence  of  residual 
stresses. 
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ABSTRACT 

Residual  surface  stresses  Introduced  Into  polycrystal line  A1203  during 
diamond  grinding  (320  grit)  were  examined  with  an  x-rqy  diffraction  technique 
commonly  used  for  metals.  Compressive  stresses,  estimated  to  be  In  the  range  of 
135  MPa  to  170  MPa  and  to  extend  <  15  tm  In  depth,  were  observed  at  the  surface. 
It  Is  believed  that  the  compressive  surface  layer  coincides  with  the  plastic 
layer  produced  by  the  elastic/plastic  Interaction  of  the  abrasive  grains  with 
the  ceramic.  The  results  are  discussed  with  regard  to  the  effect  of  the  com¬ 
pressive  layer  on  the  extension  of  surface  cracks. 

1.  Introduction 

Grinding,  a  common  processing  step  for  ceramics.  Introduces  both 
plastic  deformation  and  cracks  Into  the  material  adjacent  to  the  surface.  The 
elastic/plastic  Interaction  of  abrasive  grains  with  the  ceramic  surface  has  been 
considered  analogous  to  a  series  of  closely-spaced  sliding,  single-point  Inden- 
ters.  As  reviewed  by  Lawn  and  co-workers/1,2)  a  sharp  Indenter  plastically 
deforms  a  small  volume  of  material,  which  Is  proportional  In  size  to  the 
Indenter  Impression.  When  the  applied  load  Is  greater  than  a  critical  value, 
the  sharp  Indenter  also  produces  lateral  (approximately  parallel  to  the  surface) 
and  radial  (normal  to  the  surface)  cracks.  Intersecting  lateral  cracks  are 
believed  responsible  for  material  removal  during  grinding;  whereas  the  radial 
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cracks  Mill  lead  to  strength  degradation.  Rice  et  al.^)  have  shoMn  that  two 
types  of  radial  cracks  exist  within  the  groove  produced  by  the  plowing  abrasive 
grains:  1)  closely  spaced  cracks  that  traverse  the  groove  produced  by  slip-stick 
and  2)  longitudinal  cracks  which  overlap  one  another  along  the  length  of  the 
groove.  The  overlapping,  longitudinal  radial  cracks  produce  the  greatest 
strength  degradation,  resulting  In  a  strength  anisotropy  when  tensile  strength 
Is  measured  parallel  and  perpendicular  to  the  grinding  direction. 

The  residual  surface  stresses  produced  by  the  overlapping  plastically- 
deformed  volume  elements  associated  with  each  grinding  groove  are  of  greatest 
concern  In  the  present  Investigation.  For  the  Indentation  produced  by  an  Iso¬ 
lated,  sharp  Indenter,  the  material  within  the  plastically  deformed  volume  Is  In 
a  state  of  compression  and  exerts  tensile  stresses  on  the  radial  crack  fronts 
both  at  the  surface  and  In  the  Interior.  These  residual  tensile  stresses  aid  In 
crack  extension  when  an  external  tensile  load  Is  applied  to  Induce  failure.^4) 
However,  when  the  plastically-deformed  volume  elements  overlap  one  another, 

1. e.,  the  suspected  case  for  grinding,  one  would  suspect  that  the  complete  sur¬ 
face  would  be  plastically  deformed  and  In  a  state  of  compression.  If  this  were 
the  case,  the  portions  of  the  cracks  within  the  compressive  layer  would  be 
closed.  These  partially  compressed  cracks  would  be  less  effective  In  degrading 
strength  than  currently  suspected  from  results  of  single-point  Indentation 
studies. 

The  objective  of  this  work  was  to  determine  If  surface  stresses  are 
produced  by  surface  grinding,  and  to  estimate  their  magnitude  and  depth. 

2.  Approach 

Surface  residual  stress  measurements  were  made  using  an  x-ray  dif¬ 
fraction  technique  that  Is  Ideally  suited  for  very  shallow  (~  few  tin)  depths  and 
commercially  employed  by  the  metals  Industry.  Authoratatlve  reviews  exist  on 
this  technique, (5**)  which  requires  a  polycrystal  line  sample  so  that  a  given  set 
of  (hkl)  diffracting  planes  can  be  examined  as  a  function  of  their  angular 
rotation  with  respect  to  the  specimen's  surface.  This  Is  accomplished  by 
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tilting  the  specimen  and  determining  the  Bragg  angle  for  the  chosen  (hkl)  planes 
as  a  function  of  the  tilt  angle.  A  change  In  the  Bragg  angle  Infers  a  surface 
strain.  Conversion  of  the  measured  strain  Into  surface  stress  Is  most  easily 
accomplished  by  assuming  Isotropic  elasticity.  To  partially  compensate  for 
anisotropic  behavior  along  the  particular  (hkl)  planes,  the  elastic  constants 
specific  to  that  plane  are  used  rather  than  bulk  values  of  the  aggregate. 
Denoting  these  "x-ray  elastic  constants"  as  S2»  Isotropic  elasticity  theory 
yields  S2  ■  (1  +  v)/E,  where  v  and  E  are  Poisson's  ratio  and  Young's  modulus, 
respectively.  The  conversion  also  assumes  that  the  surface  Is  In  a  state  of 
biaxial  stress  to  the  depth  penetrated  by  the  x-rays  and  that  the  principle 
strain  axes  are  coplanar  with  the  surface. 

The  x-ray  elastic  constants  for  the  <hkl>  direction  can  either  be  cal¬ 
culated  with  knowledge  of  the  single  crystal  elastic  compliance  constants  (see 
kye^7)  or  Dolle^)  or  determined  by  direct  measurement.  The  experimental 
determination  used  here  Involved  strain  gauging  a  bar  specimen  (approximately 
0.3  x  0.6  x  3  cm)  that  had  been  annealed  to  help  ensure  minimal  surface 
stresses.  Surface  strain  determined  with  the  strain  gauge  was  first  correlated 
to  an  applied  surface  stress  by  loading  the  bar  specimen  In  4-pt  bending  with  an 
Instron  Testing  machine.  The  strain-gauged  specimen  was  then  placed  In  another 
4-pt  flexural  loading  jig  mounted  on  the  x-r$y  diffractometer  to  obtain  corre¬ 
lation  between  the  applied  surface  stress  (as  determined  from  the  calibrated 
strain  gauge)  and  the  surface  strain,  as  determined  by  the  change  In  2e  for  the 
chosen  (hkl),  to  obtain  the  elastic  constants  for  the  chosen  <hk1>  direction. 

The  particular  computer-automated  Instrumentation  and  technique  used 
here  to  determine  surface  stresses  Is  similar  to  that  described  previously. 

Each  measurement  was  carried  out  using  eight  tilt  angles  (0°  to  45°).  The  peak 
of  the  diffraction  profile  at  each  tilt  angle  was  determined  by  the  apex  of  a 
least-squares  parabola  fit  to  the  top  portion  of  the  profile.  The  profiles  were 
very  broad  (>  3*  29  full  width,  half  maximum)  and  symmetric  about  the  apex.  To 
ensure  that  grinding  did  not  Introduce  errors  due  to  the  principle  strain 
components  being  Inclined  to  the  surface, ^  some  mesurements  were  carried  out 
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at  both  positive  and  negative  tilt  angles  and  gave  Identical  results.  Typi¬ 
cally*  a  single  measurement  of  residual  stress  took  three  hours. 

Hot-pressed  AI2O3  (1500°C/2  hr),  with  an  average  grain  size  of  2  un 
was  chosen  for  the  surface  stress  determinations. Initially,  both  Cu- 
radlatlon  (X  ■  1.542A)  and  Cr-radlatlon  (X  «  2.291A)  were  used  for  the  study, 
but  preliminary  work  quickly  showed  the  need  for  the  shallower  penetrating  Cr- 
radlatlon.*  The  (602)  diffraction  peak  was  chosen  for  the  Cu-radlatlon  (26  « 
142°)  and  the  (119)  peak  for  the  Cr-radlatlon  (26  «  135°).  The  x-ray  elastic 
constants  was  determined  for  the  respective  <hk1>  directions  as  described 
above.  It  was  also  calculated  for  the  <119>  direction  using  the  AI2O3  single 
crystal  compliance  constants. ( 11 )  Based  on  the  counting  statistical  accuracy W 
of  the  (119)  peak,  the  precision  of  the  26  determination  was  calculated  to  be  ± 
0.030°.  This  corresponds  to  a  statistical  precision  of  ±  45  MPa  when  the  (119) 
diffraction  peak  was  used  for  surface  stress  determinations. 

Three  different  bar  specimens  (approximately  0.3  x  0.6  x  1.0  cm)  were 
ground  on  four  sides  with  a  320  grit  diamond  wheel  removing  ~  25  un  of  material 
with  each  pass.*  Surface  stresses  In  the  direction  of  grinding  were  determined 
on  one  ground  specimen  with  both  Cu  and  Cr  radiation.  The  second  ground  speci¬ 
men  was  only  examined  with  Cr  radiation;  subsequent  determinations  were  made 
after  5  un  and  then  10  un  of  surface  material  was  removed  by  polishing  with  3  un 
diamond  paste.  The  third  specimen  was  annealed  at  1500°C/1  hr  prior  to  surface 
stress  examination.  Surface  stress  determinations  were  repeated  2  or  3  times  at 
different  positions  on  the  bar  for  each  condition  examined  and  the  results 
averaged. 


♦Using  the  mass  absorption  coefficient  for  AI2O3  for  either  Cr  or  Cu  radiation, 
and  the  possible  path  length  for  the  given  26,  50*  of  the  radiation  Is  dif¬ 
fracted  from  an  AI2O3  surface  layer  of  8  un  for  Cr-radlatlon  and  26  un  for 
Cu-radlatlon. 

tElgln,  Inc.,  CD320R100BF-1/8-C4 
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3.  Results 

Table  I  lists  the  experimentally  determined  and  calculated  value  of 
E/(l  +  v).  The  experimental  value  for  the  <119>  direction  was  ~  25%  lower  than 
the  value  calculated  from  the  single  crystal  compliance  constants. 

Table  II  summarizes  the  surface  stress  results  calculated  with  the 
experimentally  determined  value  of  E/(l  +  v).  Values  would  be  ~  25%  greater  If 
single  crystal  results  for  E/(l  +  v)  were  used  Instead.  Note  that  all  surface 
stresses  are  compressive.  Compressive  stresses  on  the  ground  surface  are 
substantial,  viz  ~  135  MPa  (to  170  MPa  If  single  crystal  results  for  E/(l  +  v) 
are  used),  whereas  the  1  hr  anneal  reduced  the  stresses  to  within  the  limits 


Table  I 

Values  of  E/(l  ♦  v) 


Radiation 

E/(l 

Crystal  Direction  Experimental 

+  v)  (GPa) 

Calculated 

Cu 

<602> 

212 

«■  • 

Cr 

<119> 

246 

313 

Table  II 

Surface 

Stress  Determinations 

Specimen 

Radiation 

Surface  Treatment 

Average  Compressive 
Surface  Stress* 
(MPa) 

1 

Cu 

Ground 

35  ±  16  (3)** 

1 

Cr 

Ground 

125  ±  7  (2) 

2 

Cr 

Ground 

145  t  21  (2) 

2 

Cr 

5  un  Removed 

70  ±  28  (2) 

2 

Cr 

10  van  Removed 

83  t  56  (2) 

3 

Cr 

Annealed 

29  t  49  (3) 

*  Calculated  using  experimental  value  of  E/(l  +  v). 
**  (  )  Number  of  determinations. 
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vertical  load),  1^  *  critical  stress  Intensity  factor.  For  ^203,^®)  H  *  18 
GRa,  E  «  400  GPa,  Kc  -  4.9  ff>a  in1/2, 

a/t  -  2  o[P]1/6  ,  (2) 

where  P  Is  the  vertical  load  of  the  diamond  wheel  In  kilograms.  Under  normal 
grinding  conditions  P  <  1  Kgm,  thus  a/t  ~  2a.  Examining  the  extreme  cases  when 
t  *  d  (a  *  1)  and  t  >  a  (a  <  1/2),  l.e.,  the  case  where  the  crack  Is  completely 
Imbedded  within  the  compressive  layer.  Green  and  Lange's^12)  analysis  Indicates 
that  the  strength  Increase  due  to  the  compressive  layer  for  the  cases  where 
a*  1  and  a  <  1/2  are  30%  and  100%  of  the  compressive  stress,  respectively.  For 
the  AI2O3  used  In  the  present  work,  the  average  flexural  strength  of  ground 
specimens  Is  610  MPa.(10)  Data  reported  In  Table  II  Indicates  a  compressive 
stress  of  135  to  170  MPa.  Thus,  If  surface  cracks  were  strength  controlling  and 
If  the  compressive  stress  could  be  removed  (e.g.,  by  annealing)  without  healing 
the  surface  cracks,  one  would  expect  that  the  average  strength  to  decrease  by  a 
stress  In  the  range  of  ~  45  MPa  (a  »  1,  30*  of  135  MPa)  to  170  MPa  (a  <  1/2, 

100%  of  170  MPa). 

The  above  discussion  assumed  that  the  closely  spaced  grinding  grooves 
are  uniform  In  depth  and  thus  produced  a  plastic  layer  of  uniform  thickness. 
Surface  topography  measurements  suggest  that  this  Is  not  the  case  for  present 
day  grinding  wheels,  viz,  one  or  more  grooves  are  much  deeper  than  others.  That 
Is,  the  larger  cracks  associated  with  the  deeper  grooves  will  dominate  strength 
determinations  and  the  compressl ve  surface  layer  m*y  have  less  effect  then 
Indicated  above. 

In  conclusion.  It  has  been  shown  that  significant  surface  compressive 
stresses  result  from  surface  grinding,  l.e.,  the  plastic  Interaction  of  the 
grinding  wheel  ameliorates  the  detrimental  elastic  Interaction  (surface  cracks). 
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FACTORS  INFLUENCING  THE  RESIDUAL  SURFACE  STRESSES 
DUE  TO  A  STRESS-INDUCED  PHASE  TRANSFORMATION 


D.J.  Green,  F.F.  Lange  and  M.R.  James 


Rockwell  International  Science  Center 
1049  C ami  no  Dos  Rios 
Thousand  Oaks,  CA  91360 


1.  Introduction 

Residual  surface  compressive  stresses  are  known  to  Increase  the 
strength  of  glasses  and  ceramics.  Commercial  glasses  are  strengthened  by  either 
tempering  or  Ion-exchange  methods.  Klrchner  et  al.t1-3)  have  shown  that  the 
surfaces  of  different  single  phase  ceramics  can  be  placed  In  compression  by 

a)  diffusing  ions  which  decrease  the  thermal  expansion  of  the  surface  layer, 

b)  glazing,  and  c)  thermal  quenching.  Lange^4)  demonstrated  that  the  surface 
of  a  two-phase  (or  multiphase)  ceramic  can  be  placed  In  compression  when  the 
minor  phase  Increases  Its  molar  volume  by  a  reaction  which  proceeds  from  the 
surface  (e.g.,  oxidation,  etc.).  Molar  volume  changes  can  also  be  produced  by 
structural  transformations.  Garvle  et  alJ3,6)  were  the  first  to  demonstrate 
that  a  compressive  stress  arises  on  the  ground  surfaces  of  polycrystal line  cubic 
ZrO£  materials  containing  precipitates  of  tetragonal  Zr02*  The  ZrOg(t)  ♦  Zr02(m) 
transformation,  which  Involves  a  volume  Increase  of  ~3  to  5%,  was  Induced  by  the 
grinding  stresses.  As  demonstrated  by  Garvle  and  others,  ceramics  containing 
Zr02(t)  can  be  made  stronger  by  surface  grinding. *(5-11) 

The  strengthening  due  to  compressive  surface  stresses  Is  a  result  of 
the  residual  stresses  opposing  the  applied  stresses.  Green has  shown  that 


*The  ZriMt)  ♦  ZrOo(m)  also  Increases  fracture  toughness,  which  also 
strengthens  materials  containing  Zr02(t). 
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the  stress  Intensity  factor  of  a  surface  crack  subjected  to  both  a  residual 
compressive  surface  stress  and  an  applied  tensile  stress  depends  on  three 
factors:  1)  the  magnitude  of  the  residual  compressive  stress,  2)  the  residual 
stress  profile  with  respect  to  distance  from  the  surface*  and  3)  the  crack 
length  (c)  to  compressive  layer  thickness  (t)  ratio  (c/t).  For  a  given  residual 
stress,  the  stress  Intensity  factor  Is  minimized  (and  strength  maximized)  when 
the  crack  Is  fully  embedded  within  a  uniform  compressive  layer  (c/t  <  l).^*) 
Thus,  If  one  could  engineer  the  magnitude,  profile  and  depth  of  the  compressive 
surface  stress,  one  could  minimize  *,he  effect  of  surface  cracks  on  strength. 

The  goal  of  this  Investigation  was  to  determine  those  factors  that 
effect  the  magnitude,  profile  and  depth  of  the  compressive  layer  Introduced  by  a 
structural  phase  transformation.  As  It  will  be  described,  the  experimental 
portion  of  this  work  utilizes  an  x-ray  diffraction  technique  to  directly  deter¬ 
mine  the  state  of  residual  stress. 

2.  Stress-Induced  Structural  Phase  Transformations 

If  the  surface  of  a  large  body  undergoes  a  molar  volume  Increase  to  a 
depth  t,  the  biaxial  compressive  stress  within  this  layer  can  be  approximated 
by(13) 


where  AV/V  Is  the  molar  volume  Increase,  Vj  is  the  volume  fraction  of  material 
with  an  Increased  molar  volume,  E  Is  the  elastic  modulus,  and  v,  Poisson's 
ratio.  When  the  compressive  layer  Is  small  compared  to  the  size  of  the  body, 
tensile  stresses,  much  smaller  In  magnitude  relative  to  oc  exist  at  depths 
greater  than  t. 

The  molar  volume  change  of  Interest  here  Is  associated  with  a  struc¬ 
tural  transformation  Induced  by  external  stresses  applied  to  the  surface  as, 
e.g.,  through  the  action  of  Impinging,  high  velocity  particles,  or  that  of  an 
abrasive  grinding  wheel.  The  depth  to  which  material  transforms  will  depend  on 
both  the  magnitude  of  the  applied  stress  as  a  function  of  the  distance  from  the 
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surface,  and  the  critical  applied  stress  required  to  Induce  the  transformation. 
This  critical  applied  stress  can  be  related  to  the  thermodynamic  parameters 
associated  with  the  constrained  transformation  and  the  material's  microstructure 
with  the  following  analysis. 

Let  us  assume  that  the  volume  element  undergoing  the  stress-induced 
transformation  Is  an  Individual  grain  or  Inclusion  that  Is  surrounded  by  a 
continuous  matrix,  which  can  be  other  grains  of  the  same  phase  or  another 
phase.  The  high  temperature  phase,  constrained  by  the  elastic  matrix  to  low 
temperatures,  will  be  labeled  t,  and  Its  transformed  structure  will  labeled  m. 

In  reference  to  the  Zr02  (tetragonal)  *  Zr02  (monocllnlc)  transformation  dis¬ 
cussed  In  the  experimental  portion.  Because  the  strain  energy  associated  with 
the  constrained  transformation  can  be  larger  than  the  free  energy  gained  by  the 
structural  transformation,  the  high  temperature  structure  can  be  retained  to 
much  lower  temperature  than  can  be  achieved  In  the  unconstrained  state.  The 
retention  of  the  high  temperature  phase  also  depends  on  size  of  the  volume 
element  undergoing  the  transformation.  The  size  effect  Is  due  to  the  energetics 
of  surface  phenomena  that  accompany  the  transformation  (viz.  twinning  and 
mlcrocracklng),  and  the  fact  that  the  free  energy  and  strain  energy  terms  scale 
differently  with  respect  to  the  surface  terms.  The  energetics  of  this 
transformation  can  be  summarized  wltht14) 

+  •  (2) 

where  aGt-Hn  Is  the  total  change  In  free  energy,  |AGC|  Is  the  magnitude  of  the 
free  energy  change  associated  with  the  unconstrained  transformation  (the  nega¬ 
tive  size  preceding  this  term  denotes  that  the  transformation  would  be  spon¬ 
taneous  In  the  unconstrained  case),  AUse  Is  the  strain  energy  change,  and  (1-f) 
Is  the  reduction  of  strain  energy  due  to  accompanying  surface  phenomena  that 
relieve  either  shear  strains  (twinning)  or  dllatatlonal  strains  (microcracking). 
The  term  6Eyg/D,  Is  a  summation  of  all  the  surface  phenomena  that  accompany  the 
transformation,  viz.,  the  Interfaclal  energy  change  (Ym-Yt9s)Am»  the  energy  of 
twin  boundaries,  end  the  energy  of  microcracks,  yc9c^n’  In  th®se  terms, 

y  denotes  energy  per  unit  areas  associated  with  the  particular  surface,  and  g 
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denotes  the  area  of  the  particular  surface  normalized  by  the  Interfaclal  area  of 
the  transformed  Inclusion,  (e.g.,  gs  *  A^A^,  where  ^  Is  the  Interfaclal 
area  of  the  high  temperature  phase).  Since  the  units  of  Eq.  (2)  are  energy/ 
volume,  the  surface  terms  must  be  divided  by  the  transformed  volume  (*D3/6), 
hence  the  size  of  the  transformed  Inclusion  Is  present  In  the  denominator  of  the 
surface  term  In  Eq.  (2).  The  surface  term(s)  dictate  a  size  effect,  l.e.,  a 
critical  size  exists  below  which  the  transformation  Is  not  spontaneous  (aG^  >  0): 

DC  -  ( | AGC|  -  AUsef)/(6lYg)  .  (3) 


Let  us  now  examine  the  case  where  a  stress  field  must  be  applied  to 
cause  the  transformation  to  be  spontaneous.  The  types  of  stresses  required  are 
those  that  help  reduce  the  constraint  Imposed  by  the  elastic  matrix.  For  exam¬ 
ple,  If  the  transformation  Increases  the  volume  of  the  Inclusions  hydrostatic 
tensile  stresses  would  help  relieve  the  matrix  constraint.  When  the  transfor¬ 
mation  occurs  under  an  applied  stress,  the  external  loading  system  does 
work:(15) 


W 


(4) 


where  are  the  components  of  the  applied  stress  tensor,  and  are  the 
components  of  the  transformational  strain  tensor.  Since  this  work  aids  the 
transformation.  It  Is  a  negative  term  as  shown  by 


-l*cl  ♦  *„f  +  5r3a- »  •  <5> 

The  minimum  amount  of  work  required  to  Induce  the  transformation  Is  obtained 
from  ■  0,  or 

M  -  -|«c|  ♦  «U„f  .  (6) 

To  reduce  the  complexity  of  Eq.  (6)  (for  the  general  case,  W  contains  6 
terms),  let  us  assume  that  the  transformation  can  be  defined  by  one  strain 
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component,  e.g.,  a  simple  Isotropic  volume  Increase  where  *|j  ■  ■  AV/(3V), 

when  1  *  nd  «  0  for  1  j*  j.  For  this  case,  the  smallest  applied  hydro¬ 
static  tensile  stress  required  to  Induce  the  transformation  Is  given  by 

•J  -  HiGcl  +  *UMf  +  .  (?) 

l.e.,  al  Is  the  critical  applied  stress  required  to  Induce  the  transformation. 
Equation  (7)  shows  that  the  conditions  to  cause  the  transformation  to  become 
spontaneous  without  an  applied  stress  occurs  when  the  summation  In  the  numerator 
♦  0.  Let  us  now  examine  the  effects  of  each  term  In  Eq.  (7)  holding  all  others 
constant.  First,  Eq.  (7)  shows  that  as  |&GC|  ♦  0  (the  case  where  the  two 
constrained  phases  are  In  equilibrium),  oac  Increases  to  approach  (U$ef  + 

Second,  for  the  transformation  Involving  a  simple  volume  change,  AU$e  *  k 
where  k  Is  the  effective  elastic  modulus  of  the  two  phases  given  by 


This  relation  shows  that  as  the  elastic  modulus  of  the  matrix  (m)  Is  Increased, 
ai  Is  Increased.  The  third  effect  Is  concerned  with  the  .Inclusion  size  (D). 

Q 

Its  effect  can  better  be  Illustrated  by  combining  Eqs.  (3)  and  (7)  to  obtain 

.  H«c'  -  y>d-  °±  .  (9) 

Equation  (9)  shows  that  as  D  ♦  0,  ♦  •,  and  as  D  ♦  Dc,  o£  ♦  0. 

We  are  now  able  to  examine  the  effect  of  IaGJ,  AUse  and  D  on  the 
transformation  depth,  (t),  for  a  given  type  of  surface  stressing  condition. 
Since  the  stress  applied  to  the  surface  decreases  with  Increasing  depth,  the 
stress  at  some  depth  >t  will  be  Insufficient  to  satisfy  the  stress  required  to 
Induce  the  transformation.  The  above  arguments  show  that  this  depth  can  be 
maximized  when  the  high  temperature  phase  Is  just  on  the  verge  of  transforma- 
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tlon,  1.e.t  where  just  a  little  stress  Is  required  to  Induce  the  transformation. 
This  condition  exists  when  |aGc|  Is  large,  viz.  |AGC|  ♦  dJse  +  6Ey9/D,  AUse  Is 
small,  viz.  when  the  elastic  modulus  of  the  constraining  matrix  Is  low,  and  when 
D  ♦  Dc.  Conversely,  the  above  arguments  show  that  the  depth  of  the  transformed 
surface  layer  Is  minimized  when  |AGC|  ♦  0,  AUse  Is  large  (viz.  large  matrix 
modulus)  and  0+0. 


3.  Experimental 

Surface  surface  stress  measurements  were  carried  out  with  a  variety  of 
two  phase,  A^Oj/Zrt^  materials  In  which  the  Zr02  was  retained  In  Its  tetragonal 
structure  during  cooling  from  the  fabrication  temperature.  Surface  stresses 
were  Introduced  by  surface  grinding  with  a  320  grit  diamond  wheel  to  Induce  the 
Zr02(t)  ♦  Zr02(m)  transformation.  The  effect  of  changing  the  volume  fraction  of 
the  Zr02(t)  (Vj),  the  chemical-free  energy  change  (jaG^I)  of  the  unconstrained 
Zr02(t)  ♦  Zr02(m)  transformation  and  the  grain  size  of  the  Zr02(t)  (D)  on  the 
residual  compressive  stress  were  systematically  Investigated. 

3.1  Surface  Stress  Determination 

Surface  residual  stress  measurements  were  made  using  an  x-ray  dif¬ 
fraction  technique  Ideally  suited  for  very  shallow  (microns)  depths  and 
commercially  employed  by  the  metals  Industry.  Authoratatlve  reviews  exist  on 
this  technique.^17*18)  The  technique  requires  a  polycry stal 1 1 ne  sample  so  that 
a  given  set  of  (hkl)  diffracting  planes  can  be  examined  as  a  function  of  their 
angular  rotation  with  respect  to  the  specimen's  surface.  This  Is  accomplished 
by  tilting  the  specimen  and  determining  the  Bragg  angle  for  the  chosen  (hkl) 
planes  as  a  function  of  the  tilt  angle.  A  change  In  the  Bragg  angle  Infers  a 
surface  strain.  Conversion  of  the  measured  strain  Into  surface  stress  Is  most 
easily  accomplished  by  assuming  Isotropic  elasticity.  To  partially  compensate 
for  anlstotroplc  behavior  along  the  particular  (hkl)  planes,  the  elastic  con¬ 
stants  specific  to  that  plane  are  used  rather  than  bulk  values  of  the  aggre- . 
gate.  Denoting  these  "x-ray  elastic  constants"  as  S2,  Isotropic  elasticity 


15 

C4352A/jbs 


Rockwell  International 

Sc  tone*  Center 


SC5117.13TR 

theory  yields  S2  *  (1  +  v)/E,  where  v  and  E  are  Polssion's  ratio  and  Young's 
modulus,  respectively.  The  conversion  also  assumes  that  the  surface  Is  In  a 
state  of  constant  biaxial  stress  to  the  depth  penetrated  by  the  x-rays,  and  that 
the  principle  strain  axes  are  coplanar  with  the  surface. 

The  x-raty  elastic  constants  for  the  (hkl)  direction  can  either  be  cal¬ 
culated  with  knowledge  of  the  single  crystal  elastic  compliance  constants  (see 
or  Dolle*20))  or  determined  by  direct  measurement.  The  experimental 
determination  used  here  Involved  strain-gauging  a  bar  specimen  (approximately 
0.3  x  0.6  x  3  cm)  that  had  been  annealed  to  help  ensure  minimal  surface  stres¬ 
ses.  Surface  strain  determined  with  the  strain  gauge  was  first  correlated  to  an 
applied  surface  stress  by  loading  the  bar  specimen  In  4-pt  bending  with  an 
Instron  testing  machine.  The  strain-gauged  specimen  was  then  placed  In  another 
4-pt  flexural  loading  jig  mounted  on  the  x-r*y  diffractometer  to  obtain  corre¬ 
lation  between  the  applied  surface  stress  (as  determined  from  the  calibrated 
strain  gauge),  and  the  surface  strain  as  determined  by  the  change  In  2e  for  the 
chosen  (hkl)  to  obtain  the  elastic  constants  for  the  chosen  (hkl)  direction. 

The  particular  computer-automated  Instrumentation  and  technique  used 
here  to  determine  surface  stresses  Is  similar  to  that  described  previously. (21) 
Each  measurement  was  carried  out  using  eight  tilt  angles  (0°  to  45°).  The  peak 
of  the  diffraction  profile  at  each  tilt  angle  was  determined  by  the  apex  of  a 
least-squares  parabola  fit  to  the  top  portion  of  the  profile.  The  profiles  were 
very  broad  (>3°  20  full  width  half  maximum)  and  symmetric  about  the  apex.  To 
ensure  that  grinding  did  not  Introduce  errors  due  to  the  principle  strain  compo¬ 
nents  being  Inclined  to  the  surface, (2^)  some  measurements  were  carried  out  at 
both  positive  and  negative  tilt  angles  and  gave  Identical  results.  Typically,  a 
single  measurement  of  residual  stress  took  three  hours. 

For  the  present  work,  both  CuKa  (X  ■  1.542A)  and  CrKa  (X  -  2. 291 A), 
radiations  were  used  In  this  study.  The  A1 2O3  (602)  diffraction  peak  was  chosen 
for  the  Cu  radiation  (20  *  142°),  and  the  (119)  peak  chosen  for  the  Cr  radiation 
(20  «  135°) .  Table  1  lists  the  penetration  depths  (normal  to  surface)  for  both 
CuKa  and  CrKa  at  20  ■  142°  and  135°,  resoectl vely ,  calculated  for  the  mass 
absorption  coefficients  and  densities  of  the  Al203/Zr02  composites  for  the 
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Table  1 


Depth  (  m)  of  Diffracted  X-rays 

vs 

Zr02 

Radiation 

7.5 

15 

Volume  X  Zr02* 

20  30  40 

52 

60 

%  Diffracted 

CuKa 

12.8 

50 

(26  *  142°) 

114.0 

95 

CrKa 

6.5 

5.5 

3.0 

2.6 

50 

(20  *  135°) 

28.1 

23.6 

iiyim 

12.9 

11.3 

95 

♦Alloy  additions  to  Zr02  (viz  Y2O3  or  Ce02)  not  taken  Into  account  In 
calculations. 


different  composites  Investigated  with  each  radiation.  This  table  Illustrates 
that  CuKa  Is  much  more  penetrating  than  CrKa,  and  the  penetration  depth 
decreases  with  Increasing  vol  %  Zr02. 

It  should  be  noted  that  the  surface  stress  determination  Is  a  mean 
value  of  stresses  Integrated  over  the  depth  penetrated  by  the  radiation  used 
(weighed  by  an  exponential  function  due  to  absorption).  If  the  residual  surface 
stress  Is  not  constant  with  Increasing  depth  and/or  Its  depth  Is  less  than  the 
depth  penetrated  by  diffraction  x-rays,  one  would  expect  different  mean  values 
for  different  characteristic  x-rays. 

Table  2  lists  the  values  of  E/(l  +  v)  for  the  two  sets  of  planes  ob¬ 
tained  by  the  experimental  method  described  above,  and  through  calculations 
using  single  crystal  compliance  constants. ( 22 )  Note  that  the  calculated  value 


Of  E/(l+v)  Is 

~  25  %  greater. 

Table  2 

Values  of  E/(l  ♦  v) 

Radiation 

E/(l  +  v)  (GPa) 

Crystal  Direction  Experimental 

Calculated 

Cu 

<602 > 

212 

— 

Cr 

<119> 

246 

313 
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3.2  Materials 

One  series  of  A1203/Zr02  composites  containing  30  volume  percent  (v/o) 
Zr02  were  Investigated  In  which  the  Zr02  contained  between  9  and  22  mole  percent 
(m/o)  Ce02.  The  unconstrained  t  ♦  m  transformation  temperature  decreases  with 
Increasing  m/o  Ce02^23^  Thus,  Increasing  Ce02  additions  decreases  the  room 
temperature  value  of  |aGc|.  The  fabrication  and  sintering  (1600°C/2  hr)  of 
these  materials  are  reported  elsewhere.^) 

A  second  Al203/Zr02  series  was  fabricated  to  contain  different  v/o 
Zr02.  For  this  series,  Y2O3  was  used  as  the  alloy  addition,  which  was  Incorpor¬ 
ated  by  the  manufacturer.*  The  Y2O3  content  was  Increased  with  Increasing  v/o 
Zr02  In  the  composite,  viz.  1.37  m/o  Y2O3  for  composites  containing  7.5  and 
15  v/o  Zr02,  2.50  m/o  Y2O3  for  the  30,  40  and  50  v/o  Zr02  composites,  and  3.65 
m/o  Y2O3  for  the  60  v/o  Zr02  composite. §  Since  the  elastic  modulus  of  the  com¬ 
posites  decreases  with  Increasing  Zr02  v/o,  the  m/o  Y2O3  must  be  Increased  to 
retain  the  tetragonal  structure,  as  discussed  elsewhere.^14)  A  colloidal/ 
filtration  route  was  used  to  consolidate  milled  composite  powders  In  this  series 
similar  to  that  described  elsewhere.^24)  Sintering  was  carried  out  at 
1600°C/2  hr. 

Three  other  A1203/Zr02  composites  containing  7.5  v/o  Zr02  (no  Y2O3), 

6.6  v/o  Zr(>2  (2.0  m/o  Y2O3),  and  30  v/o  Zr02  (2.0  m/o  Y203)  were  also  Investi¬ 
gated.  These  materials  were  hot -pressed  (1500°C/  2  hr)  as  described  else- 
whereJ25) 


3.3  Experiments 

All  surface  grinding  was  carried  out  with  a  320  grit  diamond  wheel* 
using  a  Dual  Surface  grinding  machine.  Approximately  10  \n  of  material  was 
removed  during  each  pass.  Bar  specimens  (approximately  0.3  x  0.6  x  1.0  cm)  were 


*Z1rcar  Products  Inc.,  Florida,  N.Y. 

6Y9O3  content  determined  by  Spectrochemlcal  Laboratories  Inc.,  Pittsburgh,  PA. 
tETgin,  Inc.,  CD320-R100-BF-1/8-C4 
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used.  The  crystal  structure  of  the  Zr02  adjacent  to  the  surface  was  determined 
by  x-ray  diffraction  analysts,  the  approximate  awiecl tut c /tetragonal  ratio  was 
determined  with  the(lTl)  monoel1n1c/(Hl)  tetragonal  peak  height  ratio. 

the  first  experiments,  carried  out  with  the  hot-pressed  materials,  did 
not  Involve  surface  stress  maasurements.  These  experiments  simply  involved 
careful  polishing  (3  m  diamond  paste)  of  the  ground  surface,  and  determining 
the  ffionocl Inic/tetragonal  ratio  as  a  function  In  the  depth  of  material 
removed.  CuKa  radiation  Mbs  used  for  these  measurements. 

Surface  stress  measurements  were  carried  wit  on  the  A^Oj/ZrOg  (30  v/o) 
composite  series  containing  the  different  Ce02  alloy  additions.  AIT  specimens 
wait  ground  during  the  same  period.  Beth  CuKa  and  CrKa  radiation  was  used  for 
surface  stress  determinations.  Surface  aims  determinations  were  redetermined 
for  several  spectmens  wtth  GrKaradfatlon  after  anneal  tug  at  1650°C/2  hr. 

To  deteiminet he  effect  Of  grain  size  on  surface  stresses,  the  sintered 
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surface- 
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Results 


Surface  Phase  Analysis 


Table  3  lists  the  monocllnlc/tetragonal  phase  ratio  for  as-sintered  (or 
as-annealed)  and  as-ground  surfaces.  For  the  series  containing  the  Ce02  alloy¬ 
ing  addition  to  Zr02  (Table  3a),  note  that  the  Zr(>2  In  the  sintered  materials 
alloyed  with  both  9  and  10  m/o  Ce02  was  not  fully  tetragonal.  Also  for  the  same 
series,  the  monocllnlc  content  of  ground  surfaces  with  either  CuKa  or  CrKa  de¬ 
creased  with  Increasing  m/o  Ce02* 


Table  3a 

Monocllnlc/Tetragonal  Phase  Ratio  for  AI2O3/30  v/o  Zr02 
Series  Alloyed  with  Ce02 


Ratio  of  Peak  Intensities 
( 111 )m/ ( 111 )t 


Ce02 

Content 


Sintered 

Surface 

CuKa* 


Ground 

Surface 


9 

0.33 

0.97 

1.07 

10 

0.29 

0.60 

0.82 

13 

<0.02 

0.17 

0.15 

14 

<0.02 

0.085 

0.11 

15 

<0.02 

0.064 

0.070 

17 

<0.02 

0.035 

0.045 

18 

<0.02 

0.027 

<0.02 

20 

<0.02 

<0.02 

<0.02 

22 

<0.02 

<0.02 

<0.02 

*  ±  0.02. 

For  the  second  series  listed  In  Table  3b,  the  materials  most  sensitive 
to  transformation,  both  during  fabrication  and  subsequent  surface  grinding,  were 
those  In  which  the  Zr02  was  alloyed  with  only  1.37  m/o  Y2O3.  A  20  v/o  Zr02  com¬ 
posite  was  also  fabricated  with  the  same  Zr02  (+1.37  m/o  f2°3)  powder,  but  It 
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contained  approximately  equal  proportions  of  monoclinic  and  tetragonal  Zr02  and 
was  deemed  unsuitable  for  conslstant  experimentation.  Note  that  surface  grind¬ 
ing  generally  Increased  the  monoclinic  content  of  the  surface. 

Figure  1  Illustrates  the  m/t  intensity  ratio  for  the  three  hot-pressed 
materials  which  were  sequentially  polished  to  remove  surface  material  and  re¬ 
examined  for  phase  content.  Note  the  difference  In  the  mpnocllnlc  depth  for  the 
7.5  v/o  Zr02  (0  m/o  Y2O3)  and  6.6  v/o  Zr02  (+2  m/o  Y2O3).  The  depth  of  the 
transformed  layer  for  the  material  alloyed  with  Y2O3  is  much  shallower  relative 
to  that  containing  no  Y2O3.  Also  note  that  the  30  v/o  Zr02  composite  had  a 
transformed  layer  intermediate  in  depth  to  the  other  two. 


Table  3b 

Monoclinic/Tetragonal  Phase  Ratio 


Ratio  of  Peak  Intensity 
(111 )m/( 111 )t 

v/o  Zr02 

m/o  Y2O3 

Sinter  (Anneal) 
Condition 

Sintered 

Surface 

Ground 

Surface 

CuKa* 

CuKa* 

CrKa 

7.5 

1.37 

1600°C/2  hr 

0.02 

0.22 

0.14 

15 

1.37 

1600°C/2  hr 

0.09 

0.38 

1.01 

30 

2.5 

1600°C/2  hr 

<0.02 

0.06 

0.21 

30 

2.5 

(1650°C/2  hr) 

<0.02 

0.09 

** 

30 

2.5 

(1650°C/8  hr) 

<0.02 

0.09 

** 

30 

2.5 

(1650°C/16  hr) 

0.03 

0.08 

** 

30 

2.5 

(1650°C/24  hr) 

<0.02 

0.10 

** 

40 

2.5 

1600°C/2  hr 

<0.02 

<0.02 

<0.02 

50 

2.5 

1600°C/2  hr 

<0.02 

0.07 

** 

60 

3.65 

1600°C/2  hr 

<0.02 

0.05 

0.12 

*  t  0.02. 

**  -  data  not  recorded. 
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4.2  Surface  Stress  of  Series  Alloyed  with  CeOg 

Figure  2  shows  that  the  average  compressive  stress,  determined  with  the 
shallower  penetrating  CrKa  radiation,  decreases  slightly  with  increasing  Ce02 
alloy  addition  to  Zr02.  Ground  and  annealed  surfaces  are  nearly  stress-free. 
Table  4  reports  the  surface  stress  for  the  same  ground  materials,  as  determined 
with  the  deeper  penetrating  CuKa  radiation  (9  and  10  m/o  Ce02  materials  were  not 
used).  The  surface  compressive  stresses  at  lower  Ce02  are  smaller  relative  to 
CrKa  determinations  and  appear  to  reverse  to  tension  at  higher  Ce02  contents; 
the  single  determinations  made  with  CuKa  radiation  lie  within  the  statistical 
counting  errors  (±  23  MPa)  and  may  negate  this  conclusion. 

4.3  Effect  of  Zr02  Grain  Size 

The  average  Zr02  grain  size  for  the  A1203/30  v/o  Zr02  (+2.5  m/o  Y203) 
materials  sintered  at  1600°C/2  hr  and  heat-treated  at  1650°C  for  2,  8,  16  and  24 
hrs  are  1.3  un,  1.4  un,  1.8  y,  2.2  un  and  3.4  un,  respectively.  Figure  3  illus¬ 
trates  typical  micrographs  of  the  extreme  conditions.  Figure  4  Illustrates  the 
small  Increase  for  the  average  surface  compressive  stress  (CrKa  radiation)  with 
Increasing  grain  size. 

Figure  5a  and  5b  Illustrate  the  results  of  the  stress  profile  experi¬ 
ments  carried  out  on  the  Al203/30  v/o  Zr02  (+2.5  m/o  Y203)  comPos-*te  (CrKa 
radiation).  A  polynomial  correction  was  applied  to  the  raw  data  to  compensate 
for  the  stress  relaxation  that  occurs  when  a  portion  of  the  surface  Is  re¬ 
moved.  ( 26 )  These  figures  show  that  the  compressive  stress  decreases  with  In¬ 
creasing  distance  from  the  Initial  ground  surface.  A  residual  compressive 
stress  of  ~100  MPa  still  persisted  after  a  large  portion  of  the  Initial  surface 
was  removed,  suggesting  that  the  polishing  operation  may  produce  some  transfor¬ 
mation  and/or  plastic  deformation  that  results  In  a  surface  compressive  stress. 

A  comparison  of  the  two  sets  of  data  (Fig.  5a  and  b)  show  that  the 
larger  grain  size  material  (annealed  1650°C/24  hr,  ground)  produces  a  slightly 
deeper  compressive  stress  layer  (~18  un)  relative  to  smaller-grained  material 
(as-sintered,  ground)  for  which  the  depth  was  estimated  to  be  ~13  un.  Also  note 
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Table  4 

Surface  Residual  Stresses  (CuKa  Radiation) 


Mole  %  Ce02 

Surface  Stress* 

(MPa) 

12 

-30 

13 

-21 

14 

+17 

15 

+  0 

17 

-  1 

18 

+  2 

19 

+18 

20 

+15 

21 

+21 

22 

+19 

Estimated 

Error  t  23  MPa 

♦Compressive  stress  1$  negative. 
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UNCORRECTED  DATA 
CORRECTED  WITH  POLYNOMIAL  FIT 


Experimentally-determined  and  corrected  residual  stress 
AI2O3/3O  vol%  Zr02  specimen  (Av.  Zr02  grain  size,  1.3  u 
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that  the  depth  of  the  transformed  layer  for  hot-pressed  AI2O3  30  v/o  Zr02 
(+2  m/o  Y2O3)  as  estimated  by  successive  polishing  and  XRD  measurements  (Fig.  1) 
Is  nearly  Identical  to  compressive  larger  depths  shown  In  Fig.  5a,  which  was 
determined  for  a  nearly  Identical  material  (composition  and  microstructure). 

4.4  Effect  of  ZrOg  Volume  Fraction 

Figure  6  Illustrates  that  the  residual  compressive  stresses  (CrKa 
radiation)  Increases  with  Increasing  v/o  Zr02  retained  In  the  sintered  material 
In  Its  tetragonal  structure.  Namely,  the  compressive  stress  can  exceed  1  GPa. 

It  should  be  noted  that  these  results  may  be  somewhat  modified  by  the  fact  that 
Zr02  Is  a  strong  absorber  of  x-rays  (see  Table  1).  That  Is,  the  depth  sampled 
with  the  CrKa  radiation  for  7.5  v/o  Zr02  Is  about  three  times  that  for  the 
60  v/o  Zr02,  which  may  bias  the  apparent  stress  magnitude  to  higher  values  with 
Increasing  Zr02  content. 

5.  Discussion 

All  evidence  suggests  that  the  residual  compressive  surface  stresses 
Introduced  by  grinding  Al203/Zr02(t)  composites  are  produced  by  the  molar  volume 
change  associated  with  the  Zr02(t)  ♦  Zr02(m)  transformation,  In  all  materials 
examined,  the  stresses  applied  to  the  surface  by  the  abrasive  grinding  media 
were  sufficient  to  Induce  this  transformation  as  Indicative  of  both  XRD  phase 
examination  and  surface  stress  determinations.  As  Indicated  by  comparative  re¬ 
sults  for  CuKa  and  CrKa  radiation,  the  magnitude  of  the  residual  surface  stress 
was  dependent  on  the  penetration  depth  of  the  diffracting  x-rays.  As  suggested 
by  Eq.  (1),  the  magnitude  of  these  residual  compressive  surface  stresses  are 
primarily  controlled  by  the  volume  fraction  of  tetragonal  Zr02  (Fig.  6). 

Although  the  magnitude  of  the  residual  surface  stress  Is  primarily 
controlled  by  the  Zr02(t)  volume  fraction,  data  Indicates  that  the  depth  of  the 
transformed  material  and  the  residual  stress  profile  depends  on  |afic|  and  grain 
size,  0,  which  determine  the  critical  applied  stress  required  to  Induce  the 
transformation.  As  discussed  In  Section  2,  the  tranformed  depth  should  Increase 
with  Increasing  jAGJ  and/or  Zr02  grain  size  (D). 
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VOL.%  Zr02 


Fig.  6 


Average  residual  surface  stress  measurements  for  a  series  of  Al20s/Zr02 
composites. 
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Both  Y2O3  and  Ce02  decrease  |aGc|  at  room  temperature.  Figure  1  shows 
that  for  nearly  equivalent  Zr02  contents  (6.6  v/o  vs  7.5  v/o),  the  depth  of  the 
transformation  layer  was  much  shallower  for  the  case  where  the  Zr02  was  alloyed 
with  the  Y2O3.  When  Ce02  was  alloyed  with  the  Zr02»  residual  compressive 
stresses  were  only  observed  with  the  CuKa  radiation  for  materials  with  the  least 
Ce02  content,  whereas  the  residual  stress  exhibited  only  a  slight  decrease  with 
Increasing  Ce02  content  when  determined  with  the  shallower  penetrating  CrKa 
radiation. 

Equation  (8)  also  suggests  that  the  depth  of  the  transformed  layer 
should  also  Increase  as  D  ♦  Dc.  Data  presented  In  Fig.  7  Is  consistent  with 
this  hypothesis,  l.e.,  the  transformation  depth  for  the  material  examined  In¬ 
creased  from  ~13  un  to  ~18  un  for  a  grain  size  Increase  of  1.3  un  to  3.4  un* 

Further  stress  profiling  experiments  are  now  underway  to  better  sub¬ 
stantiate  the  dependence  of  the  transformation  depth  on  |aGc|  and  grain  size,  D. 
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ABSTRACT 

A  theoretical  approach  has  been  put  forward  for  predicting  the 
strengthening  of  materials  by  the  Introduction  of  surface  compressive  stresses. 
An  approximate  technique  was  used  to  determine  the  closure  length  of  a  surface 
crack  which  extend  through  the  compressive  surface  layer.  The  stress  Intensity 
factor  of  the  partially  closed  crack  was  then  determined  for  the  case  of  an 
applied  tensile  stress  with  the  assumption  that  the  residual  surface  compressive 
stress  was  uniform  within  the  surface  layer.  The  analysis  shows  that  the 
strengthening  depends  on  the  magnitude  and  depth  of  the  compressive  surface 
stress  and  the  strength  of  the  body  In  the  absence  of  the  residual  stress. 
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I.  INTRODUCTION 

The  strength  of  ceramics  or  glasses  can  often  be  Increased  by  placing 
their  surfaces  Into  compression.  These  techniques  Include  Ion  exchange,  temper¬ 
ing,  glazing,  surface  chemical  reactions  and  stress-induced  phase  transforma¬ 
tions.  Although  most  of  these  techniques  are  well -recognized,  a  theoretical 
approach  to  optimization  of  the  strengthening  has  not  been  developed.  The  aim 
of  this  paper  Is  to  use  fracture  mechanics  to  predict  the  amount  of  strengthen¬ 
ing  obtained  for  a  particular  residual  stress  distribution  and  In  particular,  to 
Identify  the  Important  material  and  process  parameters  that  need  to  be  con¬ 
trolled.  Such  an  approach  would  be  expected  to  be  relatively  straightforward  as 
many  crack  loading  geometries  have  been  solved.  The  presence  of  residual 
stresses  does,  however,  lead  to  complications  In  the  analysis,  when  the  crack  Is 
only  partially  open  at  the  failure  condition  and  these  difficulties  have  Impeded 
the  theoretical  developments.  Partial  crack  closure  In  simple  configurations 
have  been  analyzed  by  several  authors, t1"5^  while  for  more  complex  situations 
numerical  approaches  have  been  used. (6“10)  in  this  paper  a  simplified  approach 
to  the  crack  closure  problem  for  surface  cracks  Is  used  and  the  stress  Intensity 
factor  Is  then  derived  In  a  more  rigorous  fashion.  The  amount  of  strengthening 
Is  then  determined  by  Inserting  the  appropriate  fracture  criterion,  thus 
Identifying  the  Important  parameters. 
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II.  THEORETICAL  APPROACH 


Consider  an  Inflnltely-long  Isotropic  plate,  width  W,  which  Is  sub¬ 
jected  to  the  residual  stress  distribution  shown  In  Fig.  1.  This  problem  Is  a 
limiting  case  of  an  analysis  by  Oel  and  Frechette, ( 11 )  and  It  can  be  shown  that 
the  surface  (oc)  and  Interior  (o^)  stress  are  given  by 


M  -  2t 


)  for  t  >  X  >  (W  -  t) 


for  t  <  X  <  (W  -  t) 


where  E  Is  the  Young's  modulus,  v  the  Poisson's  ratio  and  c  Is  the  linear  strain 
associated  with  the  uniform  volume  change  that  occurs  at  the  surface.  As  can  be 
determined  from  Eqs.  (1)  and  (2),  a  volume  Increase  at  the  surface  leads  to  a 
surface  compressive  stress  and  a  compensating  Interior  tensile  stress.  Such  a 
residual  stress  distribution  Is  expected  to  be  a  reasonable  approximation  for 
many  glazing,  enamelling  or  sealing  operations.  For  the  situations  where  the 
surface  layers  are  a  different  material  than  the  Inside  Eqs.  (1)  and  (2)  become 
slightly  more  complicated.^11) 

The  production  of  ceramic  bodies  with  a  compressive  surface  layer  Is 
expected  to  lead  to  strengthening,  as  the  compressive  stress  will  oppose  applied 
tensile  stresses,  particularly  when  fracture  occurs  from  flaws  at  or  near  the 
surface.  When  the  flaw  is  completely  subjected  to  the  compressive  stress  the 
Increase  in  strength  of  the  body  (&Of)  will  be  simply  given  by 

Aof  -  -  oc  .  (3) 

In  many  cases,  however.  It  Is  expected  that  the  flaw  size  will  be  greater  than 
the  depth  of  the  compressive  zone  and  It  Is  Important  to  be  able  to  predict  the 
amount  of  strengthening  that  will  occur.  As  can  be  seen  from  Eq.  (1)  this  will 
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Fig.  1  Residual  stress  distribution  In  Isotropic  flat  plate.  In  which 
surface  has  undergone  a  uniform  volume  Increase. 


Rockwell  International 

Science  Center 


SC5117.13TR 


lead  to  an  optimization  process,  as  the  more  shallow  the  depth  of  the  compres¬ 
sive  zone,  the  larger  Is  the  surface  compressive  stress. 

Consider  now  a  semi -infinite  body  containing  a  surface  crack,  length 
a0.  For  this  situation  the  residual  stress  distribution  will  be  given  by 

°c  "  (1  -  v)  for  t  >  x  >  (M  -  t)  (4) 

and 


ot  «  0  for  t  <  x  <  (W  -  t)  .  (15) 

For  situations  where  the  surface  layers  are  a  different  material,  the  elastic 
constants  In  Eq.  (4)  refer  to  the  surface  material.  In  the  absence  of  an 
applied  stress,  the  residual  stress  will  act  to  close  the  crack  so  that  its  sur¬ 
faces  are  In  contact.  For  example.  It  Is  expected  that  the  crack  surfaces  will 
be  in  contact  to  a  depth  t,  or  for  t/a0  >  1,  the  crack  will  be  completely 
closed.  When  a  tensile  stress  Is  applied  to  the  bod|y  the  crack  will  begin  to 
open  until  at  a  critical  applied  stress  the  crack  surfaces  will  no  longer  be  In 
contact.  The  primary  Intent  In  this  paper  Is  to  consider  situations  when 
t/a0  <  1  and  In  particular  to  derive  the  stress  Intensity  factor  (Kj)  for  this 
configuration.  In  this  way.  It  will  then  be  possible  to  determine  the  strength¬ 
ening  In  terms  of  t/a0.  In  order  to  do  this,  however.  It  Is  necessary  to  com¬ 
pute  the  amount  of  crack  closure  as  a  function  of  the  residual  and  applied 
stresses. 

A.  Crack  Closure  Analysis 

A  partially-closed  surface  crack  Is  Illustrated  In  Fig.  2.  For  the 
residual  stress  distribution  being  considered,  the  surface  crack  is  assumed  to 
open  from  its  tip  back  to  the  surface  under  the  action  of  an  applied  stress. 

This  Is  reasonable  when  t/a0  <  1,  as  considered  In  this  analysis.  It  should, 
however,  be  noted  that  when  t/a0  >  1,  the  lower  constraint  at  the  surface  would 
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Fig.  2  Surface  crack  In  tael -Inf Inltt  plat*  with  partial  crack  closure 
due  to  the  surface  compression. 
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probably  lead  to  the  crack  opening  In  the  opposite  direction.  For  these 
situations,  however,  the  strengthening  should  be  simply  given  by  Eq.  (3). 

It  has  been  noted  by  other  workers^®*®*®*®)  that  the  stress  Intensity 
factor  at  contact  zone  (left  hand  crack  tip  In  Fig.  3)  will  be  zero.  It  Is  then 
possible  with  this  condition  to  determine  the  crack  closure  length  (c).  This 
procedure  Is  relatively  complex,  but  for  this  work  a  simple  solution  will  be 
used  that  was  derived  by  Barenblatt.(^)  This  solution  Is  strictly  only  valid 
for  an  Internal  crack  In  an  Infinite  body  but  as  will  be  shown  later  It  gives  a 
reasonable  description  of  the  closure  length.  In  terms  of  Fig.  3  the  closure 
distance  Is  givey  by(^) 


v  o. 


a  +  (t  -  c)  *  cos  t 


(4) 


where  oa  Is  the  applied  tensile  stress.  Using  2a  •  a0  -  t,  one  obtains 

(1  +  tj)  cos  o  -  (1  -  tj) 

C1  *  2  cos  a 


(5) 


where  Cj  »  c/a0,  tj  *  t/a0  and  a  ■  woa/2oc.  Equation  (5)  Is  Illustrated  In 
Fig.  3.  It  can  be  seen  that  the  crack  becomes  completely  open  at  a  critical 
value  of  (oa/oc)  which  depends  on  (tj).  As  Indicated  earlier,  the  analysis  Is 
not  expected  to  be  value  as  tj  >  1.  This  Is  reflected  In  Eq.  (5),  which  becomes 
Independent  of  the  applied  stress  for  tj  -  1.  For  values  of  tj  >  1,  It  Is 
simply  assumed  that  the  crack  Is  completely  closed  until  oa  *  -  oc  and  then  It 
becomes  completely  open.  It  should  also  be  noted  that  the  use  of  Eq.  (4) 

Ignores  the  effect  of  the  free  surface  of  the  closure  length,  this  Is  expected 
to  be  Important  as  c^  ♦  0.  For  these  conditions,  however,  the  crack  will  be 
almost  completely  open  and  provided  the  stress  Intensity  factor  solution 
approaches  that  of  an  open  crack,  the  approximation  should  be  reasonable. 
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Fig.  3  Crack  closure  length  as  a  function  of  the  compressive  zone  depth 
and  applied  stress. 
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B.  Calculation  of  Stress  Intensity  Factor 

For  a  partially-closed  Internal  crack,  length  2a0,  It  has  been  shown 

that^2) 


a  1/2 

(1  - 


C ?)>« 


«(*,)  x.  dx. 


c -  X*)(^  -  Cj2)] 


(6) 


where  *  x/a0  and  o(X|)  Is  the  prior  stress  acting  along  the  plane  of  the 
crack.  The  coordinate  axes  are  located  so  the  plane  of  the  crack  lies  along 
y  «  0  and  the  center  of  the  crack  Is  at  x  *  0.  In  order  to  apply  this  solution 
to  that  of  a  surface  crack,  the  effect  of  the  free  surface  should  be  Included. 
This  Is  ususally  accomplished  by  modifying  the  stress  distribution,  1.e.,(13) 


where 


a  1/2  .  in  1  o(x.)  f(x«)  x.  dx. 

Kj  *  2(^)  (1  -  c.)1/2  /  , - . g-W  \ 

1  1  Cj  ^[(1  -  X^MXj*.  Cl2)] 


f(Xj)  *  1.2945  -  0.6857  Xj2  +  1.1597  Xj4  -  1.7627  xz6 
+  1.5036  Xj8  -  0.5094  Xj10 


(7) 


(8) 


For  the  residual  stress  distribution  given  by  Eqs.  (4)  and  (5)  and  an  applied 
tensile  stress,  Eq.  (7)  can  be  re-written  as 


2£) 


.l/2 

a'  (1 


2  1/2  ftj  (°a  +  f<xl>  x  dxl  .  r1  qaf(xl>x!  dxt 

1  Cj  y  [(1  -  x^)(x*  -  Cj)]  -  xj)(x*  -  Cj)] 


(9) 


Now  If  we  substitute 
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xl2  “  C\  *  f1  "  cl2)  y2 
and  expand  f(x^)  In  terms  of  u2,  i.e., 

5  2k 

f(xj)  *  l  «2ku 

1  k-0 

one  obtains 


art  * ,,  «  5  t2  u2,c(o  +  o.ldu  1  u2kfo_ )  du 

-  2  ^)1/2  »  -  cl2)  X  °2k  /  TT&hrf1-  *  I  TTTf44n 


From  standard  integral  tables 


u2tdu 
(1  -  -2)1 


M  ( -  0  -  .*>l/l 1  ^  •  i  <m> 

x  *  r«l  2"  zr  1  (2r ) !  2ZIC 


The  final  solution  for  the  stress  intensity  factor  Is  given  by 


KI  *  0  -  cl2)1/2  lFl<‘2>  ♦  F2Ce1>  (/♦*  si"'1  t2)  ] 

0 


a  .  2  .4  -1 


where 


5  ^k(Zk)l(l  -  tz2)l/2  «  5  rl(r  -  1)!  tj 


Fl(t2)  »  l  - 
1  z  k«l 


2(k!)‘ 


r-1  2z,c“zr+1  (2r)l 
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(17) 


It  can  be  shown  that  Eq.  (15)  agrees  with  several  limiting  cases.  For  example, 
in  the  absence  of  a  residual  stress 

K,  -  1.1215  oa  («„)1/2  (18) 

In  agreement  for  the  solutions  for  a  surface  crack  in  an  applied  tensile  stress 
field. (13)  For  the  condition  when  -oa  *  oc,  (cj  *  0) 


KI  *  °a(irao)1/2  t|cos-1  ^l) 


(19) 


The  solution  agrees  with  that  derived  for  a  uniform  stress  near  a  crack  tip,(*^) 
where 


G(tj) 


»fr1U2) 

2  cos”1  (tj) 


(20) 


Finally  for  oa  «  0  and  oc  is  a  tensile  stress 


Ki  ■  -cK>1/2  (4  s1""1  *i)  H<V 


(21) 


where 


H(tx) 


*  Fx(t2) 

2  sin-1  (tj) 


This  solution  agrees  with  previous 
surface  crack  has  a  uniform  stress 


(22) 

solutions^**1®)  for  0  <  tj  <  1,  In  which  a 
near  the  free  surface. 
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In  order  to  determine  the  condition  for  strengthening  the  fracture 
condition  the  fracture  condition  must  be  used,  i.e.,  Kj  ■  Kj..  Using  this 
condition  and  *  1.1215  of0  (wa0)^^  where  Of0  Is  the  strength  ofthe  body  In 
the  absence  of  residual  stress,  Eq.  (15)  can  be  rewritten  as 


Ac* 

-V(l 


cl> 


1/2 


Fl(t2)  t  2  ..  -1  t 
+  * si"  t2 


+  IL  (1  .  .  2,1/2 

°c 


c,-)J 


1.1215  of° 
F2(c1)  °c 


(23) 


This  equation  Is  presented  as  Fig.  4  and  will  be  discussed  In  the  following 
section.  In  the  analysis  It  was  found  that  for  Of°/oc  >  1,  the  crack  will  be 
completely  open  at  failure  and  the  value  of  Aof/oc  depends  only  on  t/a0.  It  was 
found,  however,  that  as  c/a0  ♦  0  In  situations  where  Of°/oc  <  1,  the  analysis 
was  In  error  and  did  not  agree  with  the  limiting  cases.  These  problems  are 
presumably  a  result  of  the  approximate  method  for  determining  the  closure 
distance.  For  values  of  t/aQ  >  1,  It  was  simply  assumed  that  A of/oc  •  -1. 
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III.  DISCUSSION 

The  data  presented  as  Fig.  4,  have  Important  consequences  for  optimi¬ 
zation  of  compressive  strengthening.  For  example,  for  a  given  value  of  oc.  It 
Is  best  to  have  a  compressive  surface  layer  that  Is  at  least  as  deep  as  the 
surface  flaws.  In  many  situations,  however,  this  may  not  be  possible,  so  for 
example,  at  a  fixed  value  of  t/a0,  the  basic  strength  of  the  body  (of0)  should 
be  as  high  as  possible.  This  could  be  accomplished  by  Increasing  the  basic 
fracture  toughness  of  the  material.  Alternatively  decreasing  the  size  of  the 
surface  flaws  would  Increase  Of0  as  well  as  Increasing  t/aQ.  The  strength  In¬ 
crease  In  terms  of  Of0  Is  shown  In  Fig.  5,  which  allows  us  to  consider  the 
effect  of  varying  oc  for  constant  Of0.  It  Is  Interesting  to  note  here  that 
Increasing  oc  for  situations  where  t/a0  <  1  does  lead  to  strengthening  but  the 
effect  saturates  as  Of°/ac  *  0.  It  should  also  be  remembered  that  oc  Is  not 
necessarily  Independent  of  t/a0.  For  example.  Increasing  the  compressive  layer 
depth  usually  decreases  oc.  This  effect  can  be  seen  for  example.  In  Eq.  (1). 
Therefore,  In  order  to  use  Figs.  4  or  5  for  a  particular  system  the  variation  of 
oc  with  t/a0  must  be  known  and  Incorporated  Into  the  analysis. 

Finally,  although  the  production  of  surface  compressive  layers  Is  ex¬ 
pected  to  lead  to  strengthening  for  materials  that  fall  from  surface  defects.  It 
must  be  remembered  that  If  Internal  flaws  act  as  alternate  failure  origins,  the 
potential  strengthening  discussed  In  this  paper,  would  not  be  accomplished. 
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IV.  CONCLUSIONS 

An  approach  has  been  put  forward  for  predicting  the  strengthening  of  a 
brittle  material,  when  It  Is  subjected  to  a  particular  residual  stress  distribu¬ 
tion.  The  approach  Involved  the  calculation  of  the  amount  of  crack  closure  and 
the  subsequent  determination  of  the  stress  Intensity  factor  for  the  particular 
configuration.  For  the  cases  where  a  critical  surface  crack  Is  completely  open 
at  the  failure  condition,  the  strengthening  simply  depends  on  the  magnitude  of 
the  compressive  stress  and  the  ratio  of  the  compressive  layer  depth  to  flaw 
size.  In  particular,  when  this  ratio  >  1,  the  maximum  strengthening  Is  ob¬ 
tained.  For  situations,  however,  where  the  surface  crack  Is  only  partially  open 
at  failure,  the  amount  of  strengthening  also  depends  on  the  basic  strength  of 
the  material.  For  example,  for  a  given  surface  compressive  stress,  the 
strengthening  can  be  Increased  by  Increasing  the  base  strength  of  the  material. 
Alternatively,  In  situations  where  the  base  strength  cannot  be  Increased,  the 
strengthening  can  be  Increased  by  Increasing  the  magnitude  of  the  compressive 
stress.  This  effect,  however,  saturates  at  high  values  of  compressive  stress. 
Finally,  It  was  noted  that  the  magnitude  of  the  surface  compressive  stress  de¬ 
pends  on  the  process  being  used  to  Induce  the  residual  stresses  and  that  failure 
from  an  alternate  flaw  population  could  reduce  the  optimum  strengthening  pre¬ 
dicted  In  this  work. 


ACKNOWLEDGEMENTS 

The  author  would  like  to  acknowledge  the  financial  support  of  the 
Office  of  Naval  Research,  the  discussions  with  Dr.  F.F.  Lange  and  Dr.  W.F.  Hall. 


51 

C4352A/jbs 


Rockwell  International 

Scienc*  Center 


SC5117.13TR 

REFERENCES 

1.  E.E.  Burnlston,  "An  Example  of  a  Partially  Closed  Griffin  Crack,"  Int.  J. 
Fracture,  J5  [1]  17-24  (1969). 

2.  J.  Tweed,  "The  Determination  of  the  Stress  Intensity  Factor  of  a  Partially 
Closed  Griffith  Crack,"  lnt.  J.  Engng.  Scl.,  8,  [9]  793-803  (1970). 

3.  E.E.  Burnlston  and  W.Q.  Gurley,  "The  Effect  of  Partial  Closure  on  the 
Stress  Intensity  Factor  of  a  Griffith  Crack  Opened  fay  a  Parabolic  Pressure 
Distribution,"  Int.  J.  Fracture  9^  [1]  9-19  (1973). 

4.  R.W.  Thresher  and  F.N.  Smith,  "The  Partially  Closed  Griffith  Crack,"  Int. 

J.  Fracture  ±  [1]  33-41  (1973). 

5.  O.L.  Bowie  and  C.E.  Freese,  "On  the  Overlapping  Problem  In  Crack  Analysis" 
Engng.  Fract.  Mech.,  8  [2]  373-79  (1976). 

6.  0.  Aksogan,  "Partial  Closure  of  a  Griffith  Crack  under  a  General  Loading," 
Int.  0.  Fracture,  11  [4]  659-70  (1975). 

7.  0.  Aksogan,  "Nonhomogeneous  Nonsymmetrlcal  Plane  Problems  with  Several 
Griffith  Cracks,  One  or  Two  Partially  Closed,"  Int.  J.  Fracture.  12  [2] 
223-30  (1976). 

8.  M.  Bakloglu,  F.  Erdogan  and  D.P.H.  Hasselman,  "Fracture  Mechanical  Analysis 
of  Self-Fatigue  In  Surface  Compression  Strengthened  Glass  Plates,"  J. 

Mater.  Scl.  U.  [10]  1826-34  (1976). 

9.  M.  Bakloglu  and  F.  Erdogan,  "The  Crack-Contact  and  the  Free  End  Problem  for 
a  Strip  Under  Residual  Stress,"  J.  Appl.  Mech.,  44  [1]  41-46  (1977). 


52 

C4352A/jbs 


Rockwell  International 

Sc  tone*  Center 


SC5117.13TR 

10.  A.T.  Jones  and  M.L.  Callabresl,  "Numerical  Analysis  of  the  Influence  of 
Residual  Stresses  on  Crack  Closure  In  Rings,"  Engng.  Fracture  Mech.,  11  [4] 
675-88  (1979). 

11.  H.J.  Oel  and  V.D.  Frechette,  "Stress  Distribution  In  Multiphase  Systems:  I 
Composites  with  Planar  Interfaces,"  J.  Am.  Ceram.  Soc.,  _50  [10]  542-49 
(1967). 

12.  6.1.  Barenblatt,  "The  Mathematical  Theory  of  Equilibrium  Cracks  In  Brittle 
Fracture,"  pp.  55-126  In  Advances  In  Applied  Mechanics,  Vol.  7.  Edited  by 
H.L.  Dryden,  Th.  Von  Karman  and  6.  Kuertl,  Academic  Press,  New  York,  1962. 

13.  R.J.  Hartranft  and  G.C.  Slh,  pp.  179-238  In  Mechanics  of  Fracture,  Vol.  1. 
Edited  by  G.C.  Slh,  Noordhoff  Int'l.  Publishing,  Leyden,  The  Netherlands, 
1973. 

14.  H.  Tada,  P.C.  Paris  and  G.R.  Irwin,  The  Stress  Analysis  of  Cracks  Handbook, 
Del  Research  Corporation,  St.  Louis,  1973. 

15.  A.F.  Emery,  G.E.  Walker,  Jr.,  and  J.W.  Williams,  "A  Green's  Function  for 
the  Stress-Intensity  Factors  of  Edge  Cracks  and  Its  Application  to  Thermal 
Stresses,"  J.  Basic  Engng.  91_ [4]  618-24  (1969). 


53 

C4352A/jbs 


TECHNICAL  REPORT  NO.  16 


TRANSFORMATION  TOUGHENING:  THERMODYNAMIC  APPROACH  TO 
PHASE  RETENTION  AND  TOUGHENING 


Rockwell  International 

Science  Center 
SC5117.13TR 


TRANSFORMATION  TOGGHESDIG:  THERMODYNAMIC  APPROACH 
10  PHASE  RETENTION  AND  TOUGHENING 


P.  F.  Laos* 

Structural  Ceramics  Group 

Rockwall  International  Science  Cantor 

Thousand  Oaks*  California  91360 


INTRODUCTION 

Stress- Induced  phase  transformations  can  he  used  to  signif¬ 
icantly  increase  the  fracture  toughenss  and  etrength  of  brittle 
materials.1'*  The  Zr02  (tetragonal)  ♦  Zr02  (nonoclinic)  trans- 
foraatlon,  which  is  accompanied  by  a  3-3*  volune  increase  and  a 
shear  atrain  of  -  S*H7*8  has  been  used  to  daaonstrate  this  fact. 

To  use  the  transformation  toughening  concept*  one  must  first  retain 
the  high  temperature  phase  (e.g.*  Zr02 (t))  by  elastic  constraint  to 
temperatures  below  the  unconstrained  transformation  temperature; 
that  is*  tetragonal  Zr02  is  the  toughening  agent.  Experimental 
observations  have  shown  that  the  retention  of  Zr02(t)  depends  on 
the  slae  of  the  transforming  volune  element*  vis.  a  critical  grain 
slse  or  lndualon  also  must  not  be  exceeded  during  fabrication. 

The  work  done  by  the  loading  system  to  etress-lnduce  the  t  ♦  m 
transformation  in  the  vicinity  of  the  crack  front  is  responsible 
for  increasing  fracture  toughness. 

The  object  here  is  to  review  the  thermodynamic  approach6  to  the 
conditions  required  to  retain  the  toughening  agent  and  ita  contri¬ 
bution  to  toughening.  Although  this  spproaeh  is  general  for  any 
fast  transformation*  the  t  ♦  a  transformation  will  be  emphasised. 
Experimental  observations  will  then  be  reviewed  to  compare  with 
theory.  Before  this  is  started*  four  basic  mlcrostruetures  that 
can  be  fabricated  will  be  reviewed  to  set  the  stage  in  our  discus¬ 
sion,  which  ultimately  relates  thermodynamics,  mlcrostruetures,  and 
properties. 
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precipitated  alcroetructures  can  be  cbtalnad  In  large  einale 
crystals  bp  Scull  Kiting,  a a  deaonetrated  bp  bice  at  al»12  and  bp 
eintering  powders.  The  CSIKO  Group  (Garvin  and  co-workers)1 ,z  have 
pioneered  this  sintered  nicrostructura  la  the  Zr02-Ca0  ape tea,  and 
the  Case-Western  Group  (Bauer  and  atudenta)3  in  the  ZrOg-MgO  sys- 
tn<  The  alntared  aicrostruetures  conaiat  of  large  cubic  graiK  (a 
raault  of  high  temperatures  sintering)  which  contain  the  internal 
and  grain  boundarp  tetragonal  precipitates.  The  voluae  fraction  of 
the  precipitates  is  governed  bp  the  alloplng  agent  and  the  heat 
treatment  schedule  in  the  tvo-phase  field. 

A  second  alcrostructure,  .consisting  of  polpcrpstalline,  single 
phaM  tetragonal  Zr02,  can  be  fabricated  bp  sintering  composite 
Zr02  ♦  T2O3  (<  3  a/o)  powders  in  the  tetragonal  phase  field,  pro¬ 
vided  that  the  resulting  grain  else  is  lass  than  the  critical  value 
(dependant  on  the  T2O3  content).  Gupta  at  al4'5  pioneered  this 
alcrostructure.  Bare,  neighboring  grains  constrain  ok  another 
froa  the  anisotropic  transfonatlon  strains. 

The  third  alcrostructure,  pioneered  bp  the  author,3  is  a  tvo- 
phase,  tetragonal/cubic  polperpstalllne  material  in  which  neighbor¬ 
ing  grains  are  either  tetragonal  or  cubic.  This  alcrostructure  is 
fabricated  bp  sintering  ZrOg  +  Y2O3  composite  powders  in  the  two- 
phase,  t  ♦  c  field.  Here  again,  the  tetragonal  phase  is  retained 
onlp  if  the  fabricated  grain  also  does  not  exceed  a  critical  value. 
The  volume  content  of  the  tetragonal  phase  can  be  varied  froa  100% 
to  OS  bp  changing  th*  T2O3  content  froa  -  3  a/o  to  -  7  a/o. 

The  fourth  alcrostructure  la  developed  bp  incorporating  Zr02 
into  a  chemlcallp  compatible  Ktrlx  phase  to  obtain  a  polycrystal- 
11m,  two-phase  Mterlal  bp  eintering.  The  Al20i/Zr02  composite 
spstea,  pioneered  bp  Claussen,13  is  typical  of  such  systems. 

Except  for  very  dilute  composites  (<  10  v/o  of  the  minor  phase)  on 
either  end  of  the  binary,  the  composite  is  Itself  the  coMtralnlng 
Ktrlx.  Here,  es  with  other  two-phase  ceramics,  the  volume  frac¬ 
tion  at  idileh  the  alnor  phase  becoKS  continuous  depends  on  the 
dihedral  angle.  Although  the  alnor  phase  is  prlKrllp  located  at 
three  and  four  grain  junctions,  SMller  second  phase  grains  can  be 
observed  within  the  Mjor  phase  grains  indicative  of  entrapKnt 
during  grain  growth. 

Combinations  of  the  above  4  micros tructrues  are  possible. 

To  generalise,  the  critical  inclusion  (on  grain)  else  required 
to  retain  the  ZrOt  in  its  tetragonal  state  depends  on  the  amount 
and  type  of  alloy  added  (e.g.,  Y2O3,  CeOs,  MgO,  CaO,  etc.)  to  Zr02, 
the  elastic  modulus  of  the  constraining  Ktrlx,  and  the  temperature 
in  question.  The  objective  of  the  next  section  is  to  examiM  the 
end-point  thermodynamics  of  the  constrained  trsnsforKtlon  in  order 
to  put  these  general  observations  in  an  ordered  perspective. 
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CONDITIONS  FOR  PHASE  SETEKTION:  THERMODYNAMICS  OP  A  CONSTRAINED 
TRANSFORMATION  (Ref .  6  -  Part  1) 

Tha  transformation  thermodynamics  of  an  isolated,  spherical 
inclusion  const ralaad  by  aa  alaatie  matrix  can  be  viewed*  to  the 
first  approximation,  by  examining  tha  change  in  free  energy  (AG) 
between  the  initial*  nntraneforned  (tetragonal)  etate  and  lta  1 
final*  tranafornad  (monocllnlc)  atate;  tha  tranafornation  can  only 


proceed  if  A,0  <  0*  Although  tha  tranafornation  mist  satisfy  this 
initial  to  end-point  condition,  it  should  be  noted  that  growth  of  a 


transforming  nucleus  which  consumes  tha  indue  ion  mist  also  aatiafy 
the  condition  AG  <  0  during  all  atages  of  growth*  Thus,  it  should 
be  recognised  thee  initial  to  end-point  theraodynaaies  only  esti¬ 
mates  tranafornation  conditions,  since  it  neglects  "energy  bar¬ 
riers"  encountered  by  growing  nuclei! »  vis*  it  neglects  the  effect 
of  the  initial  nucleus  slse*  Even  without  detailed  knowledge  of 
the  tranaforaaelon  mechanics  and  the  mechanics  of  surface  phenomena 
accompanying  the  tranaforaaelon,  end-point  thermodynamics  can  at 
least  point  a  direction  to  uncover  the.  -ransforaatlon  conditions* 

For  the  case  when  no  external  stress  state  is  applied  to  the 
system*  the  contribution  to  the  end-point  free  energy  change  in¬ 
cludes  3  terns:  the  chemical  free  energy  change  (AGe),  differen¬ 
tial  strain  energy  (AO,.)*  and  energy  changes  (AD,)  associated  with 
lnterfaelal  surfaces  and  surface  phenomena  accompanying  the  trans¬ 
formation*  The  chemical  free  energy*  AG,*  is  most  dependent  on 
temperatures  and  allcfy  content*  Aa  indicated  In  Pig.  1*  AGC  la 
negative  below  '»  1200cC  for  the  Zr02(t)  *  Zr02  (n)  reaction.  Below 
-  1200°C,  lta  absolute  value,  I AGCI ,  increases  with  decreasing  tem¬ 
perature*  Figure  1  also  shows  that  alloying  with  Y2O3  (up  to  -  3* 5 
m/o)  decreases  lAGel  at,  a.g*,  room  temperature*  Thus*  lAGel  is 
lnversly  dependent  on  temperature  and  alloy  content. 


Since  the  transformation  Involves  a  volume  change  and  shear 
strains,  which  are  constrained  by  the  mtrlx,  a  state  of  stress 
will  srlse  within  both  the  transformed  Inclusion  and  the  sur¬ 
rounding  mstrlx*  A  dlfferentlsl  strsln  energy  (AG®  )  thus  arises 
from  tha  constrained  atress  state  associated  with  Ins  transforma¬ 
tion*  It  can  be  shown  that  for  a  given  tranafornation*  the  magni¬ 
tude  of  AB®  is  proportional  to  the  stiffness  of  the  matrix,® 
l*e  •*  the  greater  the  elastic  modulus  of  the  constraining  matrix* 
the  greater  AG®  ,  It  should  be  noted  that  AD®  is  always  posi¬ 
tive*  Residual  stresses  associated  with  the  Initial,  untranaforned 
atate  must  also  be  Included  in  the  differential  strain  energy. 

Such  residual  atrassea  can  arise  aa  a  result  of  differential  ther¬ 
mal  expansion  before  the  inclusion  attempts  to  transform*  When 
these  residual  stresses  are  Included*  tha  total  differential  strain 
energy  per  unit  volume  can  be  expressed  as* 
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where  o'  and  e'  are  the  residual  stress  fad  strata  coapoaeats 
associated  wlthxthe  untrsnsf oraed  state*  ox  are  the  stress  coa¬ 
poaeats  associated  with  the  transformation,  and  ex  are  the  uneon- 
strslaed  transforaetloa  strains.  AD®  is  the  strain  energy  only 
associated  with  the  transforaetloa*  l.a.* 


AO  »  i  o*  e' 
wst  2  ijlj 


Equation  (1)  Illustrates  that  the  residual  strains  either  Increase 
or  decrease  the  strain  energy*  depending  on  their  sense.  For 
example «  If  the  transformation  strains  are  tensile  and  the  Initial 
residual  strains  are  tensile*  the  strain  energy  Is  diminished.  If* 
on  the  other  hand*  the  residual  strains  have  a  different  sense  than 
those  associated  with  the  transformation*  then  the  total  strain 
energy  differential  la  Increased.  As  will  be  ehown  next*  the 
magnitude  of  AU.#  la  one  factor  that  controls  the  constrained 
transformation  temperature. 

Before  discussing  the  details  and  effects  of  the  surface 
phenomena  term*  ADa,  we  cam  sue  the  three  terms  to  show  that  the 
constrained  transformation  tanp stature  la  lower  than  the  uncon¬ 
strained  transformation  t super at ure: 

+  •  <2) 

Since  the  transformation  mill  mat  proceed  unless  AG  <  0*  the 
condition  for  transformation  is 

IAC.!  >  AD..  ♦  AO.  .  (3) 

That  Is*  the  contribution  of  the  differential  strain  energy  la  to 
change  the  transformation  temperature.  Thus*  retention  of  tetra¬ 
gonal  ZrOt  to*  e.g.*  room  taapereture  Is  possible  la  s  constrained 
state*  provided  that  the  differential  strain  energy  Is  sufficiently 

large. 

Although  AO..  Is.  an  Important  tarn  la  dianglng  the  transforma¬ 
tion  tsnpsrsturs*  the  summation  of  AG6  and  AO.,  cannot  result  in  a 
slse  offset*  i.a.,  both  terms  have  the  same  dependence  on  the 
volume  (or  slse)  of  tbs  transforming  Inclusion.  As  will  be  shown* 
the  slse  effect  resides  la  the  surface  term*  AO.. 

Throe  surface  phenomena  are  known  to  accompany  the 
tr02(t)  ♦  Zr02(a)  transformation:  Interfacial  surface  change* 
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twinning,  and  alcrocracklng.  Each  will  eontrlbota  to  thn  dif- 
fnrantlal  surface  energy  and,  as  will  ba  shown,  twinning  and 
alcrocracklng  will  both  altar  the  differential  strain  energy* 

Aa  Garvin11*  baa  pointed  out,  both  the  surface  area  and  the 
Interfaclal  surface  energy  per  unit  area  will  change  during  trans- 
fornatlon.  Thus,  the  differential  lnterfeelal  surface  energy  per 
unit  voluae  will  have  the  forn 


At  and  A^  are  the  interfaclal  surface  areas  of  the  tetragonal  and 
monocllnic  Inclusion,  Y,  and  Ya  are  their  respective  Interfaclal 
surface  energies  per  unit  area,  and  g,  ■  Ac/Aa*  Tor  simplicity, 
the  transformed  particle  la  assumed  to  be  a  sphere  with  a  voluae  < 
(*/6)D3  and  a  diameter  S.  Thus,  when  Iqs.  (3)  and  (2)  are  com¬ 
bined,  the  Interfaclal  surface  term  Introduces  e  site  effect  such 
that  dttn  <  0,  only  those  site  Inclusions  with 


D  >  D 


I  AG  I  -  AO 

6  •• 


(A) 


can  undergo  transformation  and  lower  the  system's  free  energy*  As 
shown  by  lq*  (A),  thl/  site  effect  only  occurs  at  temperatures 
Vhera  |ACcl  >  AD,,. 

It  will  now  be  shown  that  the  site  effects  due  to  twinning 
and/or  nlcrocracklag  will  occur  at  temperatures  Where  I  AG  !  <  A0„, 
l.s*,  these  site  effects  are  first  encountered  upon  cooling  from 
the  fabrication  temperature. 

Both  twinning  (or  the  formation  of  Invariant  planes  by  the 
moving  transformation  front)  and  alcrocracklng  not  only  Introduce 
new  surface  energy,  but  they  also  relieve  a  portion  of  the  con¬ 
straint  and  thus  decrease  the  differential  strain  energy.  Twinning 
helps  relieve  constraint  caused  by  the  shape  (shear)  change  as¬ 
sociated  with  the  transformation  end  thus  reduces  the  shear  portion 
of  the  strain  energy  by  a  factor  (1  -  tj).  Microcracking  relieves 
some  constraint  due  to  the  voluae  change  end  thus  reduces  the 
strain  energy  by  a  factor  (1  -  fe).  It  can  be  shown  that  the  sum¬ 
mation  of  the  reduced  differential  strain  energy  and  the  differen¬ 
tial  surface  energy  as  expressed  In  energy  per  unit  volume  for 
these  two  surface  phenomena  are 


for  twinning 


(5) 
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end 

6Ve 

40m£c  ♦  -  *'■*  for  alcrocracklng  (6) 


where  0  <  f  <  i,  gj  -  A-/A-,  gc  »  Ac/A^,  Aj  •  total  area  of  twins, 
Afi  -  total  area  of  crack(s),  and  Y*  ana  Y-  ere  the  reapeetlve  sur¬ 
face  energies  per  unit  area  for  twin  boundaries  and  alcrocraek 
surfaces. 


Combining  Bqs.  (5)  and  (6)  with  the  Chanlcal  free  energy  change 
and  setting  |  <3  *  0,  one  obtains  the  critical  Inclusion  size  for 
transforaatlon  and  twinning:  - 


„T  «<Vl  *  -  V.> 

V-  m  I  am  I  an  m 


Which  only  occurs  at  teuperatures  Where 
transforaatlon  and  alcrocraeklng: 


(7) 


AG„ 


>  and  for 


t(V.  ♦  T.  -  W 

140  I  -  «U  f 

6  9#  6 


(8) 


Which  only  occurs  at  teaperatures  where  ! AGCI  >  AU>#fc. 

If  the  transforaatlon  were  accompanied  by  all  three  surface 
phanoaena,  then  the  critical  slse  bee ones 


,T.e  «<Vt  *  V.  *  -  W 

-  “..Vi 


») 


Since  Bqs.  (4),  (7),  (8)t  and  (9)  are  defined  for  the  condition 
AC  »  0,  they  therefore  define  a  phase  boundary  In  slse/taaperature 
Bpfee  Which  not  only  suaaarise  the  constrained  transforaatlon  tem¬ 
perature,  but  also  Indicate  the  aecoapanylng  surface  phenoaena. 
Thus,  when  these  crielcal  slse  relations  are  uoraallsed  by  the 
critical  slse  relation  for  the  constrained  transforaatlon  (AU  * 
0),  vis. 


uc 


lAGcl 


(10) 


than  l^/0tte  can  be  plotted  against  AUga/|AGe[  as  shown  la  Tig.  2. 
Without  knowing  the  values  of  fT,  fc.  gT.  gc,  etc.  but  knowing 
their  relative  aagnltudes  e.g.,  fc  >  fy,  gj  >  ge*  end  Yc  >  Yj  > 
Y.  -  Yti#.  one  can  obtain  the  phase  fields  shown  In  Tig.  2. 
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Pig.  2.  Phase  diagram  resulting  from  surface  phenomena  accompany 
transformation.* 

Am  detailed  elsewhere,*  the  phase  diagram  shown  in  Fig.  2  is 
important  to  the  fabricator  who  needs  to  retain  the  tetragonal 
phase  upon  cooling  to  room  temperature.  First,  It  Illustrates  how 
surface  phenomena  that  accompany  the  transformation  result  In  a 
else  effect.  Second,  It  Illustrates  how  the  critical  else  dependa 
on  temperature,  differential  strain  energy,  and  differential  chemi¬ 
cal  free  energy.  The  latter  two  can  be  modified  by  the  fabricator 
to  Increase  the  critical  slse  and  thus  relax  the  fabrication  con¬ 
straint  of  grain  growth  that  accompanies  sintering  and/or  heat 
treatment. 

Three  examples  can  be  cited  where  the  critical  slse  has  been 
changed  In  accordance  with  the  thermodynamics  leading  to  Fig.  2. 
First,*  alloying  Zr02  with  Y2O3  lowers  IAGel  at  room  temperature, 
up  to  additions  of  -  3.3  m/o,  and  Y2O3  thus  should  Increase  the 
critical  grain  slse.  Figure  3  shows  this  effect.  Second,  Increas¬ 
ing  the  elastic  modulus  of  the  constraining  matrix,  e.g.,  by  In¬ 
corporating  ZrOf  into  AI2O3  (Eai.q,  ■  400  GPa,  B._q,  -  200  GPa), 
should  increase  the  critical  slse.  da  shown  In  Table  l,1*  the 
critical  grain  else  with  AlgOs/ZrOg  constraining  matrix  is  much 
larger  than  for  pure  ZrOi  and  depends  on  the  composite's  modulus. 
Third,  one  can  uae  both  alloying  and  Increased  elastic  modulus  to 
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Increase  the  critleel  else*  This  is  demonstrated  by  eddlng  2  to  3 
m/o  Y2O3  to  the  Zr02  end  using  AlgOa  es  the  constrelnlng  netrlx. 
Here  the  critleel  else  Is  raised  above  1  pm  for  ell  composite 
coaposltlona  In  the  AI2O3 -Zr02  binary*6  That  ls«  the  use  of  Y2O3 
pernlts  one  to  fabricate  AI2O3 /2r02 (t)  eonposltes  with  much  larger 
volume  fractions  of  Zr02(t)  without  attempting  to  maintain  Zr02(t), 
grain  sizes  <0.5  pm* 


•CS011JW 


Fig*  3*  Critical  grain  size  vs  1203  content*6 


Table  1*  Critical  Grain  Size  for  Al20s/Zr02 
Composites15 


Vol  Fraction 
Zr02 

Heat  Treatment 
Temp  Time 
<°C>  (b) 

Critical  Grain  Size 
(am) 

0.05* 

1650 

12 

>2.3 

0.10 

1650 

6 

1.35 

1650 

1.35 

1630 

12 

1.41 

0.15 

1650 

4 

0.85 

1650 

8 

0.84 

1650 

12 

0.85 

0.20** 

1630 

4 

0.74 

*N>f»cllnle  ZrOa  not  detectable  by  m-ray  diffraction* 

**Longer  hast  treatment  produced  too  much  monoclinlc 
Zr02  for  reliable  results* 
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WORK  10  STRESS -IN DOCE  THE  TRANS FORMAT  ION 

Before  *x mining  the  frecture  toughness  contribution,  let  us 
first  examine  the  work  required  to  indues  e  const reined  tress- 
formation*  Again  we  will  consider  a  spherical  inclusion  within  an 
elastic  matrix*  If  the  stress  state  (o  )  applied  by  external  loads 
is  of  the  same  sense  to  the  transformation  strains,  a  sufficient 
stress  can  Induce  the  transformation*  Taking  the  Zr02(t)  ♦  Zr02(m) 
transformation  as  an  example,  an  applied  trlaxlal  tensile  stress 
will  unconstrain  the  volume  increase  aasclated  with  the  trans¬ 
formation*  As  shown  by  Eshelby,16  the  work  per  unit  volume  of 
transforming  material  done  by  the  loading  system  Is  given  by 


W 


o* 

ij  U 


(11) 


where  c*  are  the  components  of  the  unconstrained  trnsformatlon 
strain  tension.  That  Is,  the  potential  energy  of  the  loading 
system  Is  lowered  by  WV,  where  V  is  the  transformed  volume. 

The  end-point  thermodynamics  of  this  situation  can  be  expressed 
as  (below  1200CC  for  Zr02) 


AC  -  -|  AG  I  +  AU  f  +  -  V  (12) 

c  tc  II 

where  (1  -  f)  is  the  strain  energy  reduction  due  to  the  surface 
phenomena  that  relieves  stress,  and  Zyg  are  the  siss  of  the  surface 
energy  terms  for  the  surface  phenomena  accompanying  the  transforma¬ 
tion*  The  minimum  work  required  to  stress-lnduce  the  transforma¬ 
tion  is  determined  When  ■  0, 

V  -  -I  AG  |  +  AO  f  +  .  (13) 

C  It  II 


Eq*  (13)  shows  that  the  work  per  unit  volume  required  to  Induce  the 
transformation  is  Inversely  proportioned  to  the  inclusion  slse.  If 
we  multiply  Eq.  (13)  by  the  volume  of  the  transforming  Inclusion 
(V  «  ^D3) ,  ws  can  express  the  total  work  for  transformation  as 

WV  -  -(I AG  I  -  AO  f)Jo3  +  tZygD2  .  (14) 

C  II  D 


This  function  is  shown  In  Fig*  4,  illustrating  that  the  minimum 
work  required  to  stress- Induce  the  transformation  Is  maximised  when 
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BASIC  MICROSTRDCTURES 

The  Zr02-T203  binary  system9*1®*11  (Fig.  1)  will  be  used  to 
Illustrate  bow  3  of  the  4  basic  elcrostructures  thet  Include  the 
tetragonal  Zr02  toughening  agent  are  fabrlceted.  As  shown,  T2O3 
forns  a  solid  solution  with  Zr02  (Zr1-XY  0«  Dxy2)  to  reduce  the 
t  ♦  n  transformation  temperature  from  ~  1200®C  for  pure  Zr02  to  ~ 
600°C  for  the  eutectoid  composition  containing  -3.5  m/o  Y2O3 •* 
Additions  of  >  7  a/o  Y2O3  stabilise  the  cubic  structure  to  room 
temperature. 


2600 


2000 


moo 


moo 


■00 


0 


Fig.  1.  Zr02-Y203  system.9*1®*11 

One  microstructure  that  can  be  produced  Is  obtained  by  fabri¬ 
cating  Zr02  containing  *  3  to  7  m/o  Y203  In  the  high  temperature 
cubic  phase  field,  end  then  quenching  into  the  two-phase  (tetra¬ 
gonal  ♦  cubic)  field  to  precipitate  tetragonal  Inclusions  from  the 
cubic  matrix.  If  the  Inclusions  do  not  grow  to  exceed  e  critical 
alse,  the  two-phase  materiel  can  be  cooled  to  room  temperature  to 
retain  the  Inclusions  in  their  tetragonal  structure.  Such 


SCM11322 


•  «  •  w  u 


MOLESVgOj 


*m/o  ■  mole  X;  v/o  •  volume  X 
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(15) 


Figure  4  alee  illustrates  that  no  work  is  raquirad  to  indues  the 
transformation  whan  D  »  De,  i*e*,  the  constrained  transformation  la 
spontaneous  without  an  applied  stress  When  D  >  Dc*  Comparing  Eq. 
(IS)  with  those  relations  derived  for  the  critical  inclusion  slse 
for  spontaneous  transformation,  one  obtains  a  relation  between 
and  Dc: 


•  1  D 
3  c 


(16) 


Fig*  4*  Work  done  vs  inclusion  slse* 

Thus  when  the  various  surface  phenomena  that  accompany  the  con¬ 
strained  transformation  are  incorporated  into  the  end-point  thermo¬ 
dynamics,  one  not  only  obtains  a  critical  slse  effect  for  an  un¬ 
stressed,  spontaneous  transformation  as  illustrated  in  the  last 
section,  but  also  an  inclusion  slse  which  maximises  the  work  re¬ 
quired  to  stress-laduce  the  transformation* 


CONTRIBUTION  TO  fKACTUU  TOUGHNESS6 


Rockwell  International 

Science  Center 


SC5117.13TR 


The  creek  shielding  approach  to  fractura  toughness,  which  Is 
slso  la  s  stste  of  thsorstlesl  davelopeent.  will  not  be  reviewed 
here.  This  approseh  sttsapts  to  cslculste  the  stress  st  the  creek 
front  to  Induce  the  trsns forest Ion  end  then  the  stress- Intensity 
solution  of  the  creek  shielded  by  the  coapresslve  stress  field 
srlslng  from  the  transformed  materiel  adjacent  to  the  crack  sur¬ 
faces.  leaders  ere  referred  to  Evans  at  el.17  The  approach 
outlined  here  concerns  the  thermodynamics  of  stress-induced 
transformation  and  crack  extension. 


Consider  a  pre-existing  creek  loaded  la  normal  tension  located 
in  a  material  containing  constrained  Inclusions  of  tetragonal 
Zr02.  Under  a  sufficient  load,  the  tensile  and  shear  stresses  st 
the  crack  front  unconstrained  the  Inclusions  to  cause  them  to 
transform.  The  loading  system,  through  the  crack's  stress  field 
does  work  during  this  stress-induced  transformation.  If  crack 
extension  were  to  occur  and  material  transformad  by  the  stress 
field  were  to  remain  in  Its  transformad  state  once  the  stress  field 
of  the  crack  has  moved  on,  then  the  work  required  for  the  trans¬ 
formation  would  be  lost  to  the  fracture  process.  That  la,  the 
stress- induced  transformation  contributes  to  Increasing  fractura 
toughness.  The  question  la,  how  large  la  this  contribution  and 
under  What  conditions  can  this  contribution  be  optimised. 

Trom  a  thermodynpmic  view  point,  material  adjacent  to  the  crack 
front  that  stays  In  Its  transformad  state  once  the  crack' e  stress 
field  Is  removed  must  be  In  a  state  of  lower  free  energy  relative 
to  Its  Initial  constrained  tetragonal  state.  Using  the  Irwin18 
approach,  l.e..  Where  one  determines  the  work  to  close  a  crack  by  a 
unit  length,  we  can  calculate  the  work  required  to  retransform 
material  adjacent  to  the  crack  front  back  to  Its  tetragonal  state 
and  the  work  to  close  the  crack. 


bet  us  consider  a  crack  undar  flxad  grip  conditions  which  has 
stress  Induced  and  then  transveraed  an  Inclusion.  The  residual 
strain  energy  associated  with  the  Inclusion  la  BU#€f,  Where  is 
the  strain  energy  change  associated  with  transformation,  and 
(1  -  f)  is  that  portion  of  the  strain  energy  relieved  by  the  trav¬ 
ersing  crack.  Ona  might  imagine  that  Inclusions  closer  to  the 
newly  formed  crack  surface  contain  less  strain  energy  than  those 
far  from  the  free  surface.  The  first  force  field  we  epply  reverts 
the  fractured  Inclusion  back  to  Its  tetragonal  state.  The  work  per 
unit  volume  performed  by  this  first  fores  field  la 

V  -  UGCI  -  dUMf  , 

where  |AGel  la  the  change  In  ehemlcal  free  energy  for  the 
monodlnle  to  tetragonal  transformation.  Ona  can  see  that  the  more 


65 


imai'.-mi'wiit!  jv.1  *c  imj 


^^samBaaKwmssatsm^w  gacsjisaBcgsp  srvCTxroa i 


Rockwell  International 


th«  inclusion  Is  unconstrained  by  the  fracture  proceee ,  the  eaaller 
AU-#f  end  the  greeter  the  work*  The  total  work  done  on  ell  inelu- 
elon  with  the  crack  tip  volume  (2RAA)  la 


AWt  -  TllAAVjU  -  aLV1(|ACcl  -  AUg#f)AA  .  (17) 

le  the  voluae  fraction  of  inclualon;  1  la  the  radlue  of  the 
tranaforned  cone  adjacent  to  the  crack  front. 

Once  the  Indus  lone  are  reverted  to  their  tetragonal  state,  the 
etrala  energy  associated  with  their  tranaforned  state  disappears, 
and  the  crack  now  looks  like  an  ordinary  erack  In  a  tuo-phase 
aaterlal.  At  this  point,  the  second  force  field  Is  applied  to 
dose  the  crack*  As  defined  by  Irwin,1®  the  critical  work  per** 
fornsd  la  this  operation  Is 

AVC  -  G04A  .  (18) 

Where  0o  Is  the  critical  strain  energy  release  rate  for  the  con- 
posits  aaterlal  without  the  transformation  phenoaenon. 

The  total  work  for  crack  closure  per  unit  crack  length  which 
also  reverts  the  Inclusions  to  their  Initial  tetragonal  atate  Is 
thus 


v  *vi<|1V 


«») 


or,  espresssd  as  the  critical  stress  Intensity  factor  for  the 
tranaforalng  coaposlte. 


2RV.E  (|AG  I  -  AO  f)  \ 
— i-S - £-■  U- 

(1  -  v*) 


in 


(20) 


This  result  shows  that  the  contribution  of  the  stress-induced 
transforaatlon  Is  proportional  to  the  voluae  fraction  of  the 
tetragonal  phase  (V^) ,  the  elastic  aodulus  of  the  coaposlte  (Ee), 
the  difference  between  the  chemical  free  energy  Change  and  the 
resedual  strain  energy  (|AGel  -  tt|(f),  sad  the  else  of  the  trans¬ 
foraatlon  sons  OO* 

bperlaental  results  for  each  of  these  factors  will  be  reviewed 
la  the  next  section. 


Rockwell  International 

Science  Center 

SC5117.13TR 


nooaiss:  nmnaiii. 

ItoStfM  »«t«tB«d  T>tr««OMl  Zr02 


Two  different  itrlu  of  eatarlela  have  boon  fobrleotod  to  ln- 
TMtl|iU  tha  of  foot  of  vdIum  fraction  of  tha  retained  tetragonal 
phase  ea  fracture  toughness.  Tha  flrat  aeries  was  fabricated  In 
tho  Xr02-T203  eystee  in  whch  tha  Y2O3  content  was  Increased  froo 
2*5  n/o  to  7*5  n/o  in  order  to  traverse  the  tetragonal/cubic  phase 
field  in  Vlg.  1.  figure  S  Illustrates  ^  vs  1203  content  which  ean 
he  transforesd  directly  to  L  vs  V.  (Zr02(t))  f roe  ZRD  analysis  of 
those  two-phase  eater la Is. 6  .As  illustrated ,  increases  with 

Increasing  voluee  content  of  Zr02(t). 

Kao-raw 

voumc  FRACTION  rmUSONAL 


The  second  scries  was  fabricated  la  tha  Zr02-A120s  systae  free 
one  end  neaber  to  the  other.  1203  (2  e/o)  was  incorporated  into 
the  Zr02  la  order  to  Increase  the  critical  grain  site  and  allow 
complete  retention  of  Zr02(t)  to  voluee  fraction  up  to  -  60  v/o 
Zr02*  Again,  up  to  -  60  v/o  Zr02,  toughness  laersasea  with 
Increasing  v/o  of  Zr02(t),  as  shown  la  fig.  6.  figure  6  also 
Illustrates  the  toughness  of  the  Al203/Zr02  (cubic)  coeposlte 
aeries  la  which  7.3  e/o  2203  was  Incorporated  with  the  Zr02.  hr 
this  series,  toughness  decraases  free  one  end-eeeber  to  the  other. 
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Fig.  6*  Kg  for  Al203/2r02  coapotlte* .* 

Without  tho  T2O3  addition  to  Zr02,  tagragonal  Zr02  can  only  ha 
completely  ratalnad  in  tha  AI2O3  eatrix  to  voltsas  fractions  ranging 
between  10  to  15  v/o  Zr02»  Tor  such  a  aarlaa,  tha  Ke  vs  voluna 
fraction  data  show  a  naxiaun  at  approx laataly  tha  nans  volume 
fraction  Whlth  aaxlalses  tha  tatr agonal  phase* 

Baltic  Modulus  of  Oonooslta 

Coopering  tha  data  shown  in  Tigs*  5  and  6,  ons  can  aaa  that  at 
comparable  volune  fractions  (<  50  v/o  Zr02(t))  nora  la  gained  with 
tha  high  aodnlna  Al20s/Zr02  constraining  aatrls*  TOr  exanple,  at 
30  v/o  2r02(t)  tha  toughnaaa  Ineraaaa  for  tha  Zr02(c)/Zr02(t) 
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composite  Is  -  1.5  Wa.n1.;2,  whereas  la  the  Al203/Zr02(t)  composite 
the  gain  la  *  2*5  MPa*a1'1.  Data! lad  comparison  with  theory  la 
difficult,  alnea  all  ethar  factor*  have  not  bean  held  or  *tant. 

For  example,  the  and- point  solid-solution  for  the  Zr02v  in  the 
Zr02(e)/Zr02(t)  composites  is  ^  3  m/o  1203,  whereas  it  Vt 
2  m/o  T2O3  In  the  Al203/Zr02(t)  aarlaa. 


Chomlcal  Free  Enters?  Qianse* 


The  magnitude  of  |ACcl  for  the  Zr02(t)  ♦  Zr02  transformation 
dacroasaa  with  Increasing  temperature  and  Increaalng  alloy  con¬ 
tent.  The  effect  of  temperatures  on  t  for  a  single  phase 
Zr02(t)(+  2  m/o  T203)  end  three  A1203/  Zr02(t)  composites  Is  shown 
In  Fig.  7.  As  predicted  by  theory  (Zq.  (20)),  L  decreases  with 
Increasing  temperature.  When  these  data  are  combined  with  the 
known  property  data  CE^Kq  sad  V^)  and  8q.  (20)  la  usad  to  calcu¬ 
late  (|AGCI  -  AO##f)  vs  temperature,  the  elope  of  the  function  with 
respect  to  temperature  la  nearly  Identical  to  that  of  pure 
Zr02.19  Also,  the  temperature  where  (IAG-1  -  A0##f)  •  0  falls 
within  the  range  of  680°C  to  900°C,  which  Is  the  expected  range  for 
t  ♦  m  transformation  of  Zr02  +  2  m/o  T203  (1.*.,  the  temperature 
where  I  AGJ  for  this  composition  Is  sero) •  These  correlations  are 
shown  In  Table  2.  To  obtain  this  agreement,  the  value  of  ft  used  In 
Iq.  (20)  was  chosen  as  the  slse  of  the  Zr02(t)  grains.  This 
reasonable  corelatlon  suggests  that  AD  f  *  0  and  ft  *  the  grain 
slse  of  Zr02(t)  Inclusion.  If  one  believes  that  these  two  correla¬ 
tions  are  not  fortuitous,  then  It  suggests  that  those  grains  closer 
to  the  crack  surface  contribute  the  most  to  the  tougnenlng  and  that 
the  slse  of  this  most  important  transformation  son*  Is  equal  to  the 
grain  slse. 
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The  second  way  to  dumc*  the  magnitude  of  A6_  Is  to  change  the 
alloy  content.  Additions  of  Ce02  were  chosen,  since  the  tetragonal 
phase  field  extends  %p  -  20  n/o  Ce02  relative  to  the  amaller  phase 
field  in  the  Zr02-T203  binary.  Qoupoaltes  containing  A1201/30  v/o 
Zr02  (+  Ce02)  were  fabricated  by  sintering  la  air.  The  sole  X  of 
Ce02  was  varied  In  1  n/o  lacresants  between  6  n/o  and  23  n/o 
Cette.  Tetragonal  Zrtte  was  the  only  Zrtte  phase  for  Cette  contents 
*  12  n/o.  As  Shown  la  Tig.  8,  ^  dacreasas  with  Increasing  Cette 
alloying  addition  as  predicted  fren  lq.  (20).  If  one  extrapolates 
this  data  to  0  n/o  Cette,  It  suggests  a  value  *L  •  10.3  MPa* a1'*  for 
these  eoapoelta  (All 03/30  v/o  Zrtte  (t))  without  the  alloying  addi- 


varlous  Indirect  and  direct  (thin  foil,  IK)  Observations 
suggest  that  the  slsa  of  the  transforaatlou  sons  Is  <  3  on  at  rooo 
tenperature.  The  Shove  theory  suggests  that  those  Inclusions 
cloeer  to  the  fracture  surface  are  less  constrained  after  trans- 
foruatlon  and  crack  extension  and  thus  contribute  nost  to  work  loss 
during  fracture.  Tor  this  reason,  this  author  has  suggested  that  ft 
■  D*  In  addition.  Section  A  strongly  suggests  that  the  work  done 
per  inclusion  can  be  naxlalsed  by  fabricating  a  eaterlal  la  Which 
0*2/3  Dc.  Tor  these  reasons,  an  AI2O3/25  v/o  Zr02  (+  2  n/o  1203) 
was  fabricated  to  full  density  at  temperatures  ranging  frou  U00°C 
to  1S30°C  to  Increase  the  site  of  the  ZrOt(t)  grains.  Although  SBC 
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Fig.  8.  1^  v*  Cs02  content  In  tetragonal  phase  field.6 


talcrographs  have  been  taken  of  etched,  polished  surfaces  to  show 
that  the  Zr02  grain  else  does  Increase  with  Increasing  fabrication 
temperature,  actual  grain  else  determinations  have  not  been  made. 
XRD  examinations  show  that  the  Zr02  Is  all  tetragonal  regardless  of 
fabrication  temperature.  Figure  9  illustrates  Kg  vs  fabrication 
temperature  (l.e.,  B  <  Dc).  Although  these  data  are  preliminary, 
they  do  indicate  that  increases  with  Increasing  grain  else 
(B).  They  also  suggest  thee  a  maximum  grain  size  (D,„)  exits  for 
optimum  toughness  share  <  D(. 


CONCLUDING  KEMARKS 


the  end-point  thermodynamic  approach  to  retention  of  tetragonal 
Zr02  and  Its  contribution  to  toughness  appears  to  be  useful  In  ex¬ 
plaining  observed  phenomena.  With  regard  to  phase  retention.  It 
not  only  explains  why  a  critical  else  exists,  but  also  directs  the 
fabricator  to  possibilities  of  increasing  the  critical  else  to 
allow  phase  retention  within  the  constraints  (l.e.,  grain  growth) 

•f  current  fabrication  technology.  With  regard  to  toughening.  It 
correctly  describee  the  limitation  of  the  transformation  toughening 
concept,  i.e«,  decreasing  toughness  with  decreasing  I  AG  I  (vis. 
Increased  temperature  and  alloy  content).  It  can  thus  be  seen  that 
there  la  a  competition  between  phase  retention  and  toughening; 
conditions  for  phase  retention  are  relaxed  by  decreasing  IAG.I, 
but  at  the  same  time,  decreasing  IAGei  decreasas  toughness.  It  has 
been  this  author's  experience  that  a  resolution  of  this  dilemma  is 
to  increase  our  fabrication  skills  in  Halting  grain  growth  during 
denalfleation.  A  solution  to  this  problem  would  open  up  the  area 
of  using,  e.g.,  the  IfOz  trassfomatlon,  vhlch  has  a  much  greater 
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Kg.  9.  Kfi  vs  fabrication  temperature. 

JAG  I  at  room  taaparatura  than  tha  Zr<>2  transformation  and  mould  ba 
a  much  batter  toughedlng  agent  at  higher  temperatures  than  tetra¬ 
gonal  Zr02* 

It  has  bean  aaply  demonstrated  that  the  transformation  toughen¬ 
ing  concept  not  only  leads  to  toughening,  but  also  to  strengthen¬ 
ing,  a.g.,  strengths  >  1.2  GPa  have  bean  achieved  In  tha  Al203/Zr02 
composite  system.*  At  the  sane  time,  hovever,  the  reader  should 
remember  that  ZL  is  only  one  factor  controlling  strength,  vis. 
crack  alse  and  distribution  also  controlling  strength  and  strength 
scatter,  but  these  tmo  faetors  are  mainly  controlled  by  fabrica¬ 
tion. 

One  final  remark  la  In  order.  The  strengthening  derived  from 
tetragonal  Zr02  (or  some  other  feat  transformation)  la  due  to  too 
phenomena:  the  toughening  due  to  stress-induced  transformation  at 
the  crack  front  and  surface  eonpresslve  stresses  Induced  by  the 
molar  volume  increase  associated  with  a  stress- Induced  transforma¬ 
tion  at  tha  surface.2  Unlike  other  ceramics,  surface  machining  or 
particle  impact  of  materials  that  Incorporate  tetragonal  ZrOa 
produces  a  strengthening  effect.  The  conditions  under  which  this 
affect  can  be  optimised  are  certainly  worthy  of  further  scientific 
exploration. 
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